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Summary

Phytophthora cinnamomi is a devastating oomycete pathogen, which has a significant
negative impact on global avocado (Persea americana) production. The wall associated
kinases (WAKs) and wall associated kinase-likes (WAKLs) are pattern recognition receptors
which detect fragmented pectin (oligogalacturonides formed during pathogen infection) and
activate downstream plant defence responses. The identification and charaterisation of this
gene family shows many inconsistencies which needed to be addressed before delving into
the avocado WAK/WAKL gene family and describing which member are implicated in the
defence response of P. cinnamomi. Thus, this dissertation aimed to critically evaluate the in
silico characterization of the WAK and WAKL gene family as a whole and then in avocado, with

a particular focus on the genes involved in defence against P. cinnamomi.

The study begins with a critical evaluation of current methodologies for identifying and
classifying WAK/WAKL genes across various plant species, revealing inconsistencies in
identification, classification and characterisation protocols that hinder broader gene family
conclusions. The review provides a streamlined approach to help increase the standardisation
in this gene family so that all genes defined as WAKs or WAKLs contain the same properties,
such as a standardised set of predicted protein domains in the downstream proteins. The
review also provides recommendations for characterising the family to allow a broader

description to be concatenated for large-scale analyses in the future.

The core of the research is the comprehensive in silico characterization of the avocado
WAK/WAKL (PaWAK/WAKL) gene family. The study describes the PaWAK/WAKL family
composition, gene placement and structure, the protein properties and cellular localisation,
phylogenetic relationships, their expression patterns during pathogen infection, and the
potential impact of cis-acting elements in targeted regulation during defence. Protein 3D
structures and the binding affinities of WAK/WAKLs and the damage-associated molecular
pattern, oligogalacturonide, were predicted for defence-implicated proteins. This dissertation
examines the PaWAK/WAKL on a genomic, transcriptomic, and proteomic level to identify

differences between the partially-resistant Dusa® and susceptible R0.12 rootstocks (while

Vi

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

also assessing the partially-resistant Leola™) to predict how these factors, in combination,

contribute to the increased defence efficiency against P. cinnamomi.

These findings highlight the significance of specific PaWAK/WAKL genes in avocado's defence
against P. cinnamomi on a multi-omic level. This research not only enhances our
understanding of this disease interaction but also serves as a foundation for developing

molecular tools to screen for resistant rootstocks for commercial use.
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Describing and characterizing
the WAK/WAKL gene family
across plant species: a
systematic review

Aaron Harvey, Noélani van den Berg and Velushka Swart*

Hans Merensky Chair in Avocado Research, Forestry & Agricultural Bictechnology Institute (FABI),
Department of Biochemistry, Genetics and Microbiology (BGM), University of Pretoria,
Pretoria, South Africa

Wall-associated kinases (WAKs) and WAK-likes (WAKLs) are transmembrane
pectin receptors which have seen rising interest in recent years due to their
roles in stress responses and developmental pathways. Consequently, the genes
encoding these proteins are continuously identified, described and characterised
across a wide variety of plant species. The primary goal of characterizing these
genes is to classify, describe and infer cellular function, mostly through in silico
methods. However, inconsistencies across characterizations have led to
discrepancies in WAK/WAKL definitions resulting in sequences being classified
as a WAK in one study but as a WAKL or notidentified in another. The methods of
characterization range widely with different combinations of analyses being
conducted, to similar analyses but with varying inputs and parameters which
are impacting the outputs. This review collates current knowledge about WAK/
WAKL genes and the recent characterizations of this family and suggests a more
robust strategy for increased consistency among the different gene members, as
well as the characterizations thereof.

HEYWORDS

wall-associated kinase, wall-associated kinase-like, gene identification and
classification, expression data, cis-acting elements

1 Introduction

Wall-associated kinase (WAK) proteins are transmembrane pectin receptors that
constitute one of the 15 receptor-like kinase (RLK) subfamilies and serve multiple
functions within plant cells (Stephens et al, 2022). The first WAK protein (AtWAK1)
was described in Arabidopsis thaliona using immunohistochemistry to confirm its
association with the cell wall, and protease experiments to confirm the cytoplasmic
kinase domain, thereby defining a protein capable of facilitating signaling between the
cell wall and the cytoplasm (He et al., 1996). Subsequently, WAK-like (WAKL) proteins
were also described in A. thaliana (Verica and He, 2002).

01 frontiersin.org
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WAKs bind pectin in multiple forms, such as native pectin to
influence cell expansion during plant development, and
oligogalacturonides (fragmented pectin) that act as damage-
associated molecular patterns (DAMPs) during abiotic and biotic
stresses (Kohorn and Kohorn, 2012; Kohorn, 2015). Some WAK/
WAKLs have been shown to confer resistance to hemibiotrophic
and necrotrophic fungi through a range of mechanisms including
pathogen- or host-derived elicitor detection and cell wall
restructuring (Stephens et al., 2022).

The original WAK/WAKL family identified in A. thaliana
consisted of five AtWAKs and 21 AtWAKLs. The WAK/WAKL
gene families have since been characterised in many plant species,
including Solanum tuberosum (potato), Gossypium hirsutum
(cotton) and Triticum aestivum (bread wheat) which contained
29, 99 and 320 WAK and/or WAKL genes, respectively (Xia ct al,
2022; Yu et al,, 2022; Zhang et al., 2021).

Over the past two decades the WAK/WAKL gene family has
been a subject of interest due to its involvement in plant defense and
development (Stephens et al, 2022). The gene family has been
bioinformatically and functionally characterised across several plant
species to identify candidate genes involved in the successful
defense response, highlighting their potential for improving crop
disease resistance (Stephens et al., 2022). Recent characterizations of
this gene family typically include the number of WAK/WAKLs
identified within a species, predicted protein properties,
phylogenetic analysis, gene structure visualization, and
chromosome placement. The characterization studies also provide
information on expression patterns in different tissues, under stress
conditions, phytohormone introduction, the presence of conserved
protein motifs and cis-acting elements in gene promoter regions,
selection pressure predictions, subcellular localization and
duplication predictions.

This review will synthesize and compare the WAK/WAKL gene
families across plant species, the methodology used to identify,
classify and characterize these genes, and propose improvements to
increase consistency and comparability between different plant
species and studies.

2 ldentification of WAKs and WAKLs

2.1 Discovery of WAK/WAKLs and protein
domain composition

AtWAKI was first described as a transmembrane cell-wall
associated protein with a cytoplasmic kinase domain (the serine/
threonine protein kinase domain, pkinase) and extracellular
epidermal growth factor (EGF)-containing regions (He et al,
1996). Subsequently, four additional WAKs were described
(AtWAK2-5) sharing similar protein structure and domain
compositions, induding an N-terminal signal peptide (He et al,
1999). WAK proteins have been shown to be involved in cellular
expansion and capable of binding to pectin within the plant cell
wall. A homogalacturonan-binding region (later described as a
GUB_WAK_bind domain, GWB) was identified near the N-
terminal of AtWAKI, facilitating pectin binding (Decreux et al,

Frontiers in Plant Science
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2006; Wagner and Kohorn, 2001). Using AtWAKI as the query in a
BLAST search, 22 proteins in A. thaliana were found to have high
similarity to AtWAKs but lacked some functional domains and
were consequently designated as AtWAKLs (Verica and He, 2002).
Amongst these, five AtWAKLs were truncated proteins while the
rest were transmembrane proteins containing a cytoplasmic kinase
domain, an N-terminal signal peptide and extracellular EGF-like or
calcium-binding EGF-like domains (some of which were
degenerate). The truncated AtWAKLs lacked a transmembrane
domain or the EGF-like domains; however, the expression of at
least three of these AtWAKLs suggests that they may still be
functionally important. The definition of a WAK and WAKL
based on protein domain composition varies across recent
studies, leading to discrepancies in classification.

2.2 Current approaches and inconsistency
in the identification and classification of
WAK/WAKLs

The main approach for identifying putative WAKs and WAKLs
involves using the A. thaliana WAK/WAKL protein sequences as
queries in a BLASTp (BLAST-protein) search against the proteome
of the species of interest. Another method involves constructing a
Hidden Markov Model (HMM) profile that includes sequences of
the GWB domain-, EGF domain- and STK (or pkinase) domain,
usually obtained from the Pfam database. Only candidate proteins
(with their corresponding genes) containing both the kinase (STK)
domain and the GWB domain are retained for further classification.
The verification of protein identity and further classification of
these proteins as either a WAK or WAKL are performed using
protein domain prediction tools such as SMART, NCBI conserved
domain search, and/or IntroPro (Pfam databases). However,
inconsistencies in the recent identifications of WAK/WAKLs arise
from varying queries, approaches and thresholds. For example, in
Juglans regia (walnut), only AtWAKs were used in a local BLASTp
(LBp) search, whereas in Rosa chinensis (rose) both AtWAKs and
AtWAKLs were used in an LBp followed by an HMM search with
three WAK-expected protein domains (Table 1). Furthermore,
differing e-values during the identification of WAK/WAKLs
impact the statistical confidence with which a gene is identified as
amember of the WAK/WAKL family. For example, potential genes
identified in rose with associated e-value between le-3 and le-5
might be retained in one study but excluded in another using
stricter threshold values, such as those used in Medicago truncatula
(barrel medic) WAK/WAKL identification (Kong et al., 2023; Liu
et al,, 2021).

The criteria for protein domain architecture verification and
dassification of WAK/WAKLSs also vary across different studies. In
Cannabis sativa (cannabis), all five of the previously described
protein domains associated with WAK proteins were used for
classification, whereas other studies used different criteria (Sipahi
et al, 2022). A study on Malus domestica (apple) only investigated
the presence of an EGF, TM and pkinase domain to define their
WAK proteins (Zuo et al., 2019). Differences in classification
criteria typically involve the exclusion of the TM and signal
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TABLE 1 Methods and protein domains used for identification and
classification of predicted WAK and WAKL proteins across various

plant species.

Species
(common
name)

Brassica rapa
(Chinese
cabbage)

Cannabis
sativa
(Cannabis)

Hordeum
vulgare
(Barley)

Juglans
mandshurica
(Walnut)

Juglans
regia (Walnut)

Malus
domestica
(Apple)

Medicago
truncatula
(Barrel medic)

Nicotiana
benthamiana

Pisum
sativum (Pea)

Rosa
chinensis
(Rose)

Identification
approach

(Query/
e-value)

LBp & LBn
(AtWAK &
AtWAKL/< 0.01)

LBp (AtWAK &
AtWAKL/< 1e-5)

HMM +
TBLASTn
(EGF_CA & pk &
GWB/< -100)

LBp (AtWAK/<
le-5)

Not specified (EGF
& pk)

BLASTp + HMM
(AtWAK &
OsWAK/< le-5)

HMM (AtWAK &
AtWAKL &
SIWAK
& SIWAKL)

LBp (AtWAK/<
le-5)

LBp (AtWAK &
AtWAKL) + HMM
(EGF_CA, GWB,
pk_Ser-Thr/<le-3)

Frontiers in Plant Science

WAK vs.
WAKL:
Protein
domains used
i{ed
classification

WAK: WAK or
GWB &for WAKa
& EGF-like/
EGF_CA & pk
&TM

WAKL: pk &/or
WAK/GWB or EGF

WAK: GWB &
EGF/EGF_CA & pk
& SP & TM

WAKL: pk &/or

GWB &/or EGF/

EGF_CA &/or SP
&lor TM

N/A

WAK: WAK/GWB

& STK/PKc,
EGF/EGF_CA & SP
&TM

WAKL: WAK/
GWB & STK/PKc,
EGF/EGF_CA &/or

SP &/or TM

WAK: EGF & TM
& pk

WAK: EGF_CA &
WAKa & GWB
& pk_Tyr

WAK: GWB & EGF
& pk

WAKL: GWB &/or
EGF &/or pk (Two
of three)

WAK: STK/
PKc_like & GWB

WAK: EGF_CA,
GWB, pk, SP, TM

WAKL: SP, TM, pk
&/or EGF_CA and/
or GWB

Reference

Zhang
et al. (2020)

Sipahi
et al. (2022)

Tripathi
et al. (2021)

Li et al. (2022)

Zuo
et al. (2019)

Kong
et al. (2023)

Zhong
et al. (2023)

Li et al. (2023)

Liu
et al. (2021)

(Continued)
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TABLE 1 Continued

WAK vs.
WAKL:
Protein
(Query/ domains used
e-value) for
classification

Identification
approach

Species
(common
name)

Reference

Saccharum
spontaneum
(Wild
sugarcane) HMM (GWB & WAK: GWB & EGF Wang
EGF & pk) & pk et al. (2023)
Sorghum
bicolor
(Sorghum)
Sesame :
indicum LBp (AWAKLS/ | wsk1: GWB & pk oo
(Sesaiise) <10 et al. (2023)
WAK: GUB_WAK/
WAKa/EGF & TM
Solanum & pk s
tuberosum HMM )
(Potato) WAKL: TM & pk | 2l (2022)
&/or GUB_WAK/
WAKa/EGF
Trm.mm LBp (AtWAK) + WAK: GWB & TM Xia
aestivum HMM K 4. agany
(Bread wheat) (WAK family) &g S
| BMOWE | yoms |
mays (Maize) < 0.001) EGF_CA &/or pk et al. (2023)

Gossypium hirsutum (Cotton) and Solanum lycopersicum (Tomato) summarized in Figure 1.
HMM, Hidden Markov model search; LBp, Local BLASTp; LBn, Local BLAST n; pk, pkinase;
GWB, GUB_WAK_bind; TM, Transmembrane; WAKa, WAK_assoc; STK, STKc_IRAK;
PKc, PKc_Superfamily; SP, Signal peptide.

& = must include the previous and following domain.

Or = Must contain either the previous or following domain.

peptide (SP) domains in WAKs. Among studies that classified
WAKLS, the criteria also varied from a minimum of a pkinase or
GWB domain in Brassica rapa (Chinese cabbage) to a minimum of
aTM, SP and pkinase domain in rose (Liu et al,, 2021; Zhang et al.,,
2020). Therefore, the WAKSs identified in apple and Cannabis, as
well as WAKLs from Chinese cabbage and rose are not comparable
due to differing criteria, a predicament that applies to many recent
characterizations (T'able 1). Examples of this inconsistency is also
evident in the WAK/WAKL characterization of Solanum
Iycopersicum (tomato) and Gossypium hirsutum (cotton) (Figure 1).

Inconsistencies in the methods used for WAK/WAKL
identification has led to differences in the WAK/WAKL genes
identified. For example, two independent characterizations of tomato
WAK:S yielded different results, with one identifying 16 and the other
five WAKSs, with only five being shared (Figure 1A; Supplementary
Table 1). One difference was the use of different genomes, the S.
Iycopersicum L. SL4.0 genome from an open-source database (https://

solgenomics.net/organism/Solanum_lycopersicum/genome/) and the
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A Solanum lycopersicum

Sun et al. (2020)

Identification:
HMM (EGF & pk or
RLK-Pelle WAK /
<1.93x10%)

WAK classification:
pk & GWB or EGF or
EGF_CAorT™M

10.3389/fpls.2024.1467148

&

Kurt et al. (2020)

Identification:
BLASTp (AtWAKs /
>-100)

WAK classification:
EGF_CA, pk & GWB
&TM &SP

B Gossypium hirsutum {‘C

Zhang et al. (2021)

Identification:
BLASTp (AtWAK &
AtWAKLs + pk & GWB)

WAK classification:
pk & GWB & SP & EGF-
like & EGF_CA & TM

FIGURE 1

Dou et al. (2021)

Identification:
BLASTp (AtWAKs / >
1e-5)

WAK classification:
SP & EGF & TM &pk

Comparison of WAK protein identification and classification methodology and the number and composition of WAK proteins in (A) Solanum
lycopersicum (tomato) and (B) Gossypium hirsutum (cotton). (Created with BioRender.com).

genome from Phytozome V12.1 (https://phytozome.jgi.doe.gov/pz/
portalhtml - specific genome and annotation unspecified). The
different genomes may have contributed minorly, but a more likely
explanation is the use of different identification methods (with
different e-value cutoffs) and classification protocols.

The number of cotton WAKs varied considerably between
studies, with 11 shared and 12 and 18 unique to each of the
respective studies (Figure 1B). Both studies sourced the cotton
genome data from the same database (CottonGen - https://
www.cottongen.org) with Dou et al. (2021) using the TM-1
genome ZJU_v2.1. and Zhang et al. (2021) likely (genome not
specified) using the TM-1 genome UTX_v2.1. Despite both studies
using BLASTp for WAK identification they employed different
inputs and domains for classification, with one study including a
GWB and an additional EGF_CA domain. Even when the
identification processes are similar, differences in criteria lead to
varying repertoires of WAKs being identified.

To reduce inconsistencies and enable better comparison of this
gene family across plant species, future WAK/WAKL
characterizations should follow consistent strategies. While
identification methods can vary (using BLASTp or HMM
searches) the verification and dassification process should have
the same backbone (such as the inclusion of at least the AtWAK/
WAKLs protein sequences as the input query) to minimize the
possibility of missed gene members. The verification and
classification should however maintain high levels of consistency.

Based on the original discovery and descriptions of AtWAK and
AtWAKLs, the following model proposes a way to increase
standardization: WAK proteins must have an SP, GWB, EGF-like,
TM and STK domain in tandem, whereas WAKLs must contain at
least a GWB and STK domains with possible varying combinations
of the SP, EGF-like and TM domains (Figure 2).

3 WAK and WAKL composition of
species recently characterised

It is important to distinguish between WAK and WAKLs as
they could have similar functions, but in different locations in the
cell, influencing protein function and response to stimuli. WAKs
are defined as transmembrane pectin receptors whereas WAKLs
(which are not all transmembrane proteins) should not be classified
under the same group. Misclassification could lead to unreliable
conclusions as not all members will conform to the same definition.
Between 5 and 320 WAKs have been identified across various plant
species (Table 2). The number of WAKSs positively correlates with
genome size, but not with ploidy or plant type (monocotyledon or
dicotyledon). Bread wheat, a hexaploid, has 320 WAKs which is
significantly higher than other species (T'able 2) (Xia et al,, 2022).
This could be due to its hexaploid nature, however, this trend is not
consistent across other species. For example, the tetraploid potato
has fewer WAKs (16) compared to cannabis (23), a diploid (Sipahi
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A. WAK
N- (B~ GUBLWAK bind )~ (EGFIke (1) )T~ o~ STK____ J~ertC
B. WAKL
N-o. GUB_WAK_DING s eeaws™ g o™ ™™ ™ v STK wer-C
N-== ..o« GUB_LWAK_bind )~.(_EGF-ike (1-3) )-==(TM )~~~ e C
o /) G (S S
(SP).-+ GUB_WAK_bind ).  EGF-like (1-3) ) w oo s STK wwer-C
N-s e GUB_WAK_DING s e e e eIV weC
- .o GUB_WAK_bind )~..(_ EGF-like (1-3) )= s o, v STK weC
N-(BPD) A GUB_WAKDING oo™ ™ o™ STK erC
FIGURE 2

Model of required protein domains for the classification of WAK and WAKL proteins. (A) Model of the protein domain architecture of WAK proteins.
The five domains required are a signal peptide (SP) at the N-terminal (grey), a galacturonan-binding domain (GUB_WAK_Bind; yellow), one to three
extracellular epidermal growth factor (EGF)-like domains or EGF_Ca (blue), a transmembrane (TM) domain (Red) and a cytoplasmic Ser/Thr kinase
(STK) domain (also known as a pkinase domain at the C-terminal; green). (B) Model of the different combinations of protein domains that make up
WAKL proteins. They must contain an STK domain and a GUB_WAK_bind domain, but the other domains are variable. (Created with BioRender.com)

etal, 2022; Yu et al,, 2022). More research is needed to confirm the
correlation between ploidy and the number of WAK/WAKL genes.
Generally, higher ploidy species tend to have more copies of
protein-coding genes but the larger number of WAKs could be
due to the criteria used for classification. In bread wheat some
TaWAKs, such as TraesCS3A02G033400, (and others in
phylogenetic group 3), lack an EGF domain and others, like
TraesCS7D02G085600, lack an SP which would classify them as
WAKLs under the proposed model, thereby reducing the total
number of TaWAKSs. The less stringent criteria used in the bread
wheat study may have contributed to the higher number of
TaWAKs identified (Xia et al., 2022).

The number of WAKL genes in plant species ranges from 9-82,
generally being in higher abundance than the WAKSs in most species
with potato being an exception (1'able 2). This could be due to fewer
domains required for WAKL protein classification, as fewer
domains in coexistence increase the probability of occurrence.
This could also result from duplication events of WAKSs, leading
to neofunctionalism, where some domain-coding regions mutate
after duplication, allowing for new adaptive functions (Roulin et al.,
2013). The exception in potato (16 StWAKs vs 13 StWAKLs) might
be due to different criteria used for StWAKL classification (which
lack a TM-domain) unlike other studies. This suggests that potato
WAKLs are likely membrane-bound proteins, but other
characterised WAKLs lacking a TM domain could be functionally
important. Therefore, important potato WAKLs, without TM
domains, involved in functions such as pathogen defense might
be unidentified and uncharacterised. Not all studies have
characterised WAKLSs in the species studied, thus the data set for
WAKLs is incomplete. However, WAKLs have been shown to play

Frontiers in Plant Science

important roles in plants, with AtWAKL10 and OsWAKL21.2
involved in resistance to Pseudomonas syringae and Xanthomonas
oryzae, respectively. This illustrates the value of identifying WAKLs
for potential further analyses (Bot et al., 2019; Malukani
et al.,, 2020).

4 Gene comparisons

4.1 WAK/WAKL gene structure, placement
and duplication methods

The WAK/WAKL gene family shows variation in gene structure,
with the number of exons ranging from 1-27 exons per gene
(Table 3). Some conservation of exon-intron structure (gene
structure) exists between monocots and dicots, with most
immunity-related WAKSs (across plant species) typically having
three or four exons, with the first exon being the largest (Stephens
et al,, 2022). The average number of exons in this family ranges from
three to five with open reading frames (ORF) that span between 0.8-
330 kb. However, the lack of correlation between ORF length and
exon number with gene function (excluding immunity-related
WAKSs) discounts these properties as a predictive marker for a
gene’s role. Identifying tandemly duplicated pairs and gene
placement is essential for evolutionary analyses to understand the
history and potential future of this gene family.

A noticeable feature of the chromosomal placement of these
genes is their clustering across multiple chromosomes in species
such as Chinese cabbage, rose and Sesamum indicum (sesame)
(Table 3). This can be indicative of tandem duplication events
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TABLE 2 Summary of the number of WAKs and WAKLs identified in various plant species.

Genome
size (Mb)

Species

(Common name) Ploidy

Brassica rapa

(Chinese cabbage) Allotetraploid 352.8
Cannabis sativa (Cannabis) Diploid 875.7
Gossypium
iploi 6.
arboreum (Cotton) Diploid li62k
Gossypium R
raimondii (Cotton) Diploid 02
Gossypium hirsutum (Cotton) | Allotetraploid ~2 250-2 430
Gossypium hirsutum (Cotton) | Allotetraploid ~2 250-2 430
Hordeum vulgare (Barley) Diploid 4226
Juglans AL
mandshurica (Walnut) Diploid 5282
Juglans regia (Walnut) Diploid 572.8
Malus domestica (Apple) Di- or triploid 703
Medicago truncatula
iploi 9.
(Barrel medic) Diploid 429.6
Nicotiana Sty
benthamiana (Tobacco) Amphidiploid N
Pisum sativum Dibloid 3796
(Pea) ¥
Rosa chinensis (Rose) Diploid 515.1
Saccharum spontaneum s
(Wild sugarcane) Autopolyploid 2761
Sorghum bicolor (Sorghum) Diploid 708.8
Sesame indicum (Sesame) Diploid 357
Soidnun Diploid 950
lycopersicum (Tomato)
Solanum o
lycopersicum (Tomato) Diploid 930
Solanum tuberosum (Potato) Tetraploid 705.8
Triticum aestivum o
(bread wheat) Hexaploid 14 567
Zea mays e
(Maize) Diploid 2400

Monocot Number
: Reference
or Dicot of WAKLs
ZF y
Dicot 1 85 -
et al. (2020)
S
Dicot 23 30 (o
et al. (2022)
Dicot 16 42
Zhang
Dicot 11 55 et al (2021)
Dicot 23 76
Dicot 29 N/A Dou et al (2021)
Monocot 91 N/A Hpe
et al (2021)
Dicot 5 9
Li et al. (2022)
Dicot 11 16
Dicot 44 N/A Zuo et al. (2019)
Kong
Dicot 54 N/A ol
et al. (2023)
Dicot 15 23 - oh
et al. (2023)
Dicot 24 N/A Li et al. (2023)
Dicot 23 45 Liu et al. (2021)
Monocot 19 N/A Wang
et al. (2023)
Monocot 37 N/A
Dicot N/A 31 Yan et al. (2023)
Dicot 11 18 Sun et al. (2020)
Dicot 5 N/A Kurt et al. (2020)
Dicot 16 13 Yu et al. (2022)
Monocot 320 N/A Xia et al. (2022)
Monocot N/A 58 Hu et al. (2023)

N/A means that that particular data was not discussed in the relevant publication.

occurring, which in turn allows for the expansion of this gene family
within a species (Kong et al., 2007). Duplication events involve the
replication and insertion of DNA segments into a location close or
far away from the original DNA section, producing two copies of a
DNA segment. The main duplication mechanisms predicted in the
characterization of the WAK/WAKL gene families through in silico
analyses include whole-genome duplications, tandem duplication,
proximal duplication and segmental duplication (Lallemand et al,,
2020). Tandem duplications were the major type of duplication in

Frontiers in Plant Science

Chinese cabbage, walnut, and potato, while, whole-genome-,
segmental- and proximal duplications also contributed to WAK
gene expansion in cotton, Chinese cabbage, Saccharum
spontaneum, a Saccharum hybrid and Sorghum bicolor (wild
sugarcane and sorghum) (Dou et al, 2021; Wang et al, 2023;
Zhang et al, 2020). The type and frequency of duplication events
likely depend on the genome organization (ploidy), evolutionary
history (recent or distant speciation or hybridization), and current
environmental influences (adaptation processes).
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TABLE 3 WAK and WAKL gene information from various species.

Chromosome Mode
: Number
Species (chr) oF OXORS number
placement of exons
Brassica
On 10/10 chrs 1-27 >3 0.8-20
rapa
bi
Cannabis On 6/10 chrs 27 3 2515
sativa
Loy poan On 11/13 chrs N/A NA N/A
arboreum
Gissypiten On 11/13 chrs N/A N/A N/A
raimondii
Gossypium
3 On 19/23 chrs 1-8 3 2-18
hirsutum
Gossypium
5 On 12/26 chrs 1-8 4 1-12
hirsutum
I "5:;'“ , On 7/16 chrs 5
man urica 2.8 4-330
Juglans regia On 8/16 chrs 4
Malws On 16/17 chrs 1-11 3/4 155
domestica
Needicago On 8/8 chrs 24 3 2865
truncatula
S N/A 28 2 1313
benthamiana
Pisumm On 7/7 chrs - >3 227
sativum
Rosa 1.8-
chinensis On 7/7 chrs 1-12 3/4 15.5
Sac
AN On 21/32 chrs
spontaneum
1-8 3/4 2.5-25
S"fg"""’ On 9/10 chrs
bicolor
S On 8/13 chrs 25 3 223
indicum
Solantns On 9/12 chrs 1-6 23 165
lycopersicum
Skiinen On 2/12 chrs 34 3 N/A
lycopersicum
Slaniim On 8/24 chrs 1-10 34 19
tuberosum 10.2
Zea mays On 10/10 chrs 2-5 3 3-195

*A cluster refers to two or more genes within a few thousand base pairs of each other.
N/A means that that particular data was not discussed in the relevant publication.

UNIVERSITEIT VAN PRETORIA
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Tandem
lusters ® FEy K./K
%On ShE) duplications vaalfjess Reference
= predicted (%)
1,2,5,6,7,8 55.17 N/A Zhang
et al. (2020)
147 87 All<1 Sipahi
L 2 One > 1 et al. (2022)
N/A N/A N/A
N/A N/A N/A Zhang
et al. (2021)
A2, A3, A5, A9, A10,
All, D2, D5, D9, 15.15 All<1
D10, D11
Dou
A2, A5, D2, D10 1724 All<1 :
et al. (2021)
15 64.29 Most < 1
Two pairs Li et al. (2022)
6,10 7037 21
N/A N/A N/A Aua
et al. (2019)
13 18.52 N/A Kong
et al. (2023)
Zhong
N/A N/A N/A o
et al. (2023)
13,6 1071 N/A Li et al. (2023)
1,2,57 N/A N/A ol
D et al. (2021)
None 11
All <1 Wang
et al. (2023)
4,7 28
Yan
3,5,6,8, 10,11, 12 516 N/A
et al. (2023)
59,10 NA N/A SO
et al. (2020)
7,9 N/A N/A urt
et al. (2020)
Yu
59,10 72.41 All<1
et al. (2022)
123,68 16 All<1 Hu
e = et al. (2023)

ORF, number of exons, mode of exons and clustering estimated off gene structure visualizations when not stated in-text.

For WAK/WAKL gene pairs originating from tandem
duplication events, nonsynonymous-to-synonymous (K,/K;)
ratios were calculated to predict the type of evolutionary pressure
acting on these pairs. Nonsynonymous mutations (K,) represent
mutations resulting in amino acid changes, while synonymous
mutations (K;) represent mutations resulting in the same amino
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acid. The K, /K, test is an empirical method to predict the type of
selection influencing gene evolution, although this method is best
suited towards long, single exon genes with relatively low false-
positive and false-negative rates compared to other methods
(Nekrutenko et al, 2002). Most gene pairs in Table 3 have K,/K
ratios below one (<1), indicative of purifying selection, where
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deleterious polymorphisms are removed, reducing genetic diversity
(Cvijovic et al, 2018). This purifying selection likely removes
truncated, non-functional proteins while preserving their
function. However, one WAK/WAKL pair in cannabis and two in
walnut show ratios greater than one (>1), indicating positive
selection, where advantageous mutations are selected for and
become fixed over time (Li et al, 2022;
Thiltgen et al., 2017). The hypothesis for the walnut WAK/
WAKL pairs under positive selection suggests that variation in

2022;

Ll

Sipahi et al,,

the specific duplicated genes, increases the rate of neofunctionalism,
allowing for novel or contributory functions to arise (Li ctal., 2022).
The WAK/WAKLSs encoded by these genes may enhance resistance
to a specific- or several- or new pathogens or provide
developmental advantages.

4.2 Cis-acting element comparison in
WAK/WAKL promotor regions

Cis-acting elements in the promoter regions of genes
significantly contribute to differential regulation (Bilas et al.,
2016). These elements involved in phytohormone-responsive,
light-responsive, biotic- and abiotic-stress responsive, and
development-related pathways, enhance regulatory plasticity,
allowing genes to be selectively induced or suppressed under
certain conditions to perform specific roles (Figure 3).

Development related
/ | AACA_motif | CCGTCC-box || skn-1_motif |
[ AAGAA-motif | [Motif ] [ NON-box | [ As-2-box ||

('HD-Zip-1 | [HD-Zip 3] [ CCAATbox | [[EF2b |

[ RY-element | [02-site] [MSAdike| [ACHI

(CAT-box | [circadian] (MBS

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
EUNIEESITHIGEASPRETORIA

10.3389/fpls.2024.1467148

Elements responsive to developmental pathways are present in
the promoter regions of WAK/WAKLs, playing roles in leaf cell
expansion during developmental stages and potentially in cell tension
(Wagner and Kohorn, 2001). Predicted development-related cis-
acting elements include the AAGAA-motif (endosperm-specific
negative expression), AC (xylem-specific expression), O2-site
(metabolism of the storage protein, zein) and CAT-box (meristem
expression). For example, CsWAK3 in cannabis contains a root-
specific expression element, while CsWAKLII contains a seed-
specific element, suggesting development-related tissue-specific
regulation of these two genes (Sipahi et al,, 2022).

Phytohormone-responsive cis-acting elements are also present
in the promoter regions of many WAK/WAKLs, with some genes
showing induction following phytohormone treatment.
Phytohormones influence plant physiology including growth,
development, and abiotic- and biotic stress responses (El Sabagh
et al,, 2022). Treatment with gibberellin and abscisic acid in potato
and cotton induced five WAKs and 13 WAKLs, potentially due to
the presence of ABRE (abscisic acid responsive element), P-box and
TATC-box (gibberellin responsive) cis-acting elements (Dou et al.,
2021; Yu et al, 2022). Other predicted phytohormone-responsive
elements in WAK/WAKL promoters include those responsive to
salicylic acid (TCA-element), methyl jasmonate (TGACG motif),
auxin (TGA-box) and ethylene (ERE) in various species such as
cotton, apple, potato, tomato and Nicotiana benthamiana (Sun
et al., 2020; Zhang et al.,, 2021; Zhong et al., 2023; Zuo et al,, 2019).

Phytohormone-
responsive

[P-box] [TGA-element| [TCA-element| [ ERE |
[TGAbox | [ABRE4] [ABRE3a) [AuxRR-core|

[TATC box ] [MeJARE ) [SARE)

Abiotic and biotic

Regulatory
plasticity

stress-responsive
ore]
(Box-W1] [BoxE] [boxs) (Wbox] [HSE] [DSrE)
\[ TC-rich repeats | [WUN-motif ]
\[LTR/LTRE] [ GCChox |  [ATrich|

FIGURE 3

MNF1}|G-box| L-Box || AE-box ||Box 4|| G-Box
chs-Unit1 m1 || chs-CMATa || chs-CMA2a | [MRE]
ATCC-motif | TCCC-motif | 3-AF1 binding site |[I-Box \

[ AAAC-motif [ GTAT-motif |[ ATCT-motif |(Box|
LAMP-element || GTGGC-motif || CATT-motif
[ATT-motif | ACA-motif J[ATC-motif| GC-motif
GAG-motif || GA-motif
N\ TCT-motif | [GT1-motif | [ Gap-box

GAT T-motif

Cis-acting elements predicted in the promoter regions (which varied between 1000 and 2000 base pairs upstream of the start site) of WAK/WAKL
gene families, which contribute to regulatory plasticity. The elements were predicted in walnut, cotton, apple, cannabis, potato, tomato, barley,

barrel medic, Nicotiana benthamiana, wild sugarcane, and sorghum (Dc

etal, 2021; , 2023; Yuetal, 2022; Zhang et al., 2021; Zhon
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al., 2021; Kc
al., 2023; Zu

023; Li et al,, 2022; Sipahi et al.,
. (Created with BioRender.com)
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Phytohormones play important roles across many cellular processes
and understanding their involvement in these pathways can
enhance our knowledge of their function.

Abiotic and biotic stress-responsive elements are implicated in
mechanical wounding and defense response pathways in species
such as bread wheat, walnut, rose, apple, potato, barrel medic,
Chinese cabbage, N. benthamiana, and wild sugarcane (Kong ct al,,
2023; Li et al,, 2022; Wang et al., 2023; Xia et al,, 2022; Yu et al,,
2022; Zhong et al., 2023; Zuo et al., 2019). Examples include the
abiotic responsive element, LTR (low-temperature responsive),
which regulates gene expression in colder climates and the biotic
responsive element, W-box responsive to wounding and pathogen
response. Approximately half of the identified tomato WAK/
WAKLs (14 out of 29) contained the WUN-motif, with additional
phytohormone responsive elements (methyl jasmonate, abscisic
acid, gibberellin, salicylic acid and, auxin) in the promoter
regions. The authors hypothesized that post-wounding rapid
induction of SIWAK-RLKs may be mediated by these
phytohormone pathways, although functional studies are needed
(Sun et al, 2020).

In cotton, 13 and 10 WAK/WAKLs were induced by gibberellin
and auxin, respectively (Dou et al., 2021). Putative gibberellin- and
auxin-responsive elements complemented RT-qPCR expression
data, linking these cis-acting elements directly to gene expression.
In potato, gibberellin and auxin induced two and three WAK/
WAKLs, respectively, with predicted cis-acting elements aligning
with expression results (Yu et al., 2022). This provides evidence of
WAK/WAKL involvement in phytohormone pathways and
illustrates the relevance of cis-acting element predictions. These
predictions can guide in silico studies regarding WAK/WAKL
expression patterns in response to phytohormones before
conducting expression work, potentially allowing for the editing
or selection of promoter regions to control gene expression for
specific developmental or defense pathways to maximize efficiency.

Light-responsive elements were predicted in apple, tomato and
walnut, with common elements such as Box 4 and the TCT-motif (Li
et al,, 2022; Sun et al, 2020; Zuo et al,, 2019). These elements may
facilitate a ‘circadian clock’ of WAK/WAKL genes, as seen in other
receptor-like kinases (Zuo et al, 2019). This suggests a time-specific
induction or suppression of certain WAK/WAKLs to support time-
sensitive cellular functions, potentially impacting growth patterns and
allowing cellular expansion towards the light during the day.

While the results from these studies provide a foundation for
comparison, discrepancies in prediction methods may impact
general conclusions. Typically, cis-acting elements are predicted
in the region 2000 bp upstream of a gene’s transcriptional start site,
but this was not followed for apple and tomato, where 1500 bp
promoters were used (Sun et al., 2020; Zuo et al, 2019). Reduced
promoter size impacts the abundance of predicted elements,
making comparisons difficult. Consistency in promoter length
within the same gene family is crucial for comparability. The lack
of e-value cutoffs for element prediction further complicates the
comparison. Standardizing prediction methods would improve the
comparability of this gene family across species, enabling larger-
scale conclusions and more accurate analyses. Identifying common
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elements across species could provide research targets for studying
gene regulation and function, potentially leading to overexpression
or suppression of genes of interest in future studies or genetically
modified organisms (GMOs) for desired outcomes.

5 Expression data comparison

Inferences about functional roles are made by evaluating gene
expression patterns (here focusing on WAK/WAKLs). These studies
can indicate the involvement of genes in specific tissues,
phytohormone responses, abiotic stresses (such as drought and
cold), and biotic stresses (such as pathogen infection). Upregulation
during environmental changes is a primary line of evidence for
implicating genes in particular responses. For example, cotton
WAK/WAKLs were upregulated in response to cold, heat, salt,
and chemically-induced drought stress suggesting their
involvement, while upregulated barrel medic WAK/WAKLs were
involved in the defense responses against Macrophomina
phaseolina and Ralstonia solanacearum (Kong et al., 2023; Zhang
et al,, 2021). Expression data are typically obtained from RT-qPCR
experiments or RNA-sequencing data, which is often validated with
RT-qPCR. Unlike previous sections, expression analysis approaches
were more consistent across various studies, increasing the
reliability of the conclusions drawn.

5.1 Tissue specificity and
developmental stages

Phylogenetic group-specific tissue expression was observed
when assessing the Chinese cabbage BrWAK/WAKLs, with three
genes expressed in roots, five in flowers and three in calluses (Zhang
et al, 2020). This suggests a close correlation between BrWAK/
WAKL evolutionary relationships and tissue specificity. Tissue-
specific expression was assessed in cannabis, sesame, N.
benthamiana, walnut and bread wheat in tissues such as roots,
stems, leaves, pericarp, grains, spikes, buds, pods, seeds and flowers
(Kong et al,, 2023; Li et al., 2022; Sipahi et al., 2022; Xia et al., 2022;
Yan et al, 2023; Zhong et al, 2023). In barrel medic, some
MtWAKs, like MtWAK24 and MtWAK50 showed expression
specifically in roots, while others, such as MtWAK7 and
MtWAKS8 were expressed in multiple tissues (Kong et al,, 2023).
These results indicate that WAK/WAKL genes can be expressed in a
few or many different plant tissues simultaneously or exhibit tissue-
specific expression.

Expression data during different developmental stages was
obtained for cotton, showing the involvement of a subset of
WAK/WAKLs in the initial developmental stages of fiber
development, and another subset in the cellular elongation phase
(Dou et al, 2021). In tomato, expression data for WAK/WAKLs
shows the involvement of a subset of SIWAK/SIWAKLs in fruit
development, with varying expression patterns during fruit
expansion and ripening (Sun et al, 2020). Identifying and
validating genes involved in functions such as ripening could aid
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in the selection of varieties during screening and breeding programs
to produce larger fruits with controlled ripening times. Most of the
barrel medic’s MtWAKs were downregulated during nodulation,
except for the induction of MtWAK1, suggesting its contribution to
the process (Kong et al., 2023). The WAK/WAKL repertoire can
thus play a role in many different developmental stages and
illustrates the specificity of function some WAK/WAKLs have.

5.2 Abiotic and biotic responses

When characterizing the WAK/WAKL gene family, one major
focus is on linking gene subsets with abiotic and biotic stress
responses. In cotton, expression data showed that GhWAK/
WAKLs responded to abiotic factors including cold, heat, salt,
and polyethylene glycol (drought simulation). Specifically,
GhWAK9 was induced in all four abiotic responses, while
GhWAKLI17 was only involved in the cold response (Zhang et al,
2021). This demonstrates that WAK/WAKLs can have a universal
or specific role during stress. Similarly, in Chinese cabbage,
expression patterns during drought, high temperature, and high
humidity stress showed an association of Br-WAK/WAKLs in these
abiotic responses (Zhang et al, 2020). In tomato, nine WAK/
WAKLs were upregulated and three downregulated in response to
mechanical wounding, indicating their role in the wounding
response (Sun et al, 2020). In barrel medic, 10 MtWAKs were
upregulated due to drought, seven due to cold and three due to salt
stress, suggesting that a combined 12 MtWAKs are involved in
multiple abiotic stress responses (Kong ct al,, 2023). These findings
illustrate that WAK/WAKLs play significant roles in various abiotic
stress responses, with specific genes involved in specific responses.

A subset of WAK/WAKLs have been associated with biotic
defense responses through gene expression analyses, with some
functionally shown to play a role in defense. AtWAKL22 and
TaWAK2 are known to protect against Fusarium oxysporum and
Fusarium graminearum, respectively (Dicner and Ausubel, 2005;
Gadaleta et al,, 2019; Liu et al, 2021; Zhong et al., 2023).
Upregulation during defense responses implicated 20 WAK/
WAKLs in bread wheat, eight in walnut, 12 in rose, eight in
sesame, and six in potato (Li et al, 2022; Liu et al, 2021; Xia
et al,, 2022; Yan et al.,, 2023; Yu et al., 2022). In barrel medic, nine
out of 12 MtWAKs were induced by yeast elicitor treatment, one by
M. phaseolina (necrotrophic fungus) infection, three by R.
solanacearum (bacteria) infection and 10 by Erysiphe pisi
(biotrophic fungus) (Kong et al., 2023). Different WAK/WAKLs
were upregulated following M. phaseolina and R. solanacearum
infection, suggesting pathogen-specific roles in the respective
defense responses. Overexpression of MtWAK24 in N.
benthamiana leaves reduced lesion size following Phytophthora
parasitica infection, validating its important role in the inhibition
of P. parasitica infection (Kong et al., 2023).

Some studies initially used in silico expression data to suggest a
gene’s involvement in defense and then confirmed some genes with
functional work, thus validating the in silico predictions. Virus
induced gene silencing (VIGS) was used in rose and N.
benthamiana to silence WAK/WAKLs involved in defense, which
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increased disease severity. Silencing ReWAK4 in rose enhanced
susceptibility to Botrytis cinerea while silencing NbWAKI2 and 14
and NbWAKL6 and 12 in N. benthamina increased susceptibility to
tomato yellow curl leaf virus (Liu et al., 2021; Zhong et al., 2023).
This molecular evidence substantiates the defense role of the
selected WAK/WAKLs. While in silico predictions are the first
step towards identifying potential defense-related genes,
molecular validation (such as VIGS or other functional work) is
essential to verify these predictions, ensuring accurate identification
of WAK/WAKLs involved in stress responses before utilizing them
in crop improvement.

6 Protein comparisons

6.1 General properties and
subcellular localization

The recently characterised WAK/W AKL proteins across species
range between 200-3350 amino acids in length, 22.3-155.59 kDa in
weight and 4.86-9.4 isoelectric points (T'able 4). These proteins are
larger with properties in the normal ranges for plant proteins
(Mohanta et al.,, 2019; Ramirez-Sanchez et al, 2016). WAK
proteins likely localize to the plasma membrane due to the
presence of a transmembrane domain. However, WAKL proteins
do not always contain a transmembrane domain, resulting in
variable cellular localizations. In silico characterization of the
WAK/WAKL family has predicted localizations to various other
cellular structures, including the nucleus, chloroplast, extracellular
matrix, mitochondria, endoplasmic reticulum, golgi body, vacuoles
and the cytoplasm. Some of these localizations have been confirmed
through experiments utilizing green fluorescent protein (GEP)
markers (Figure 4), indicating that the WAK/WAKLs (specifically
the WAKLSs) can function throughout the cell, not just at the
plasma membrane.

Molecular confirmation of in silico predictions was achieved in
cotton and barrel medic using GFP markers to demonstrate the
subcellular localization of specific WAKs (Kong et al, 2023; Zhang
et al, 2021). Five bread wheat TaWAKs fused with a GFP gene were
transiently expressed in wheat protoplasts. Four of the five showed
fluorescence only at the plasma membrane, while the GFP-
TraesCS3D02G046900 showed fluorescence throughout the
protoplast, with higher intensity at the plasma membrane and the
nucleus (Xia et al, 2022). The authors suggested that the plasma
membrane localization allows these proteins, in part, to act as receptors
during immune responses, and the localization of one WAK to the
nuceus warrants further investigation. These findings imply that
TraesCS3D02G046900 functions by detecting DAMPs in the
cytoplasm rather than the extracellular space, thereby signaling
successful pathogen penetration that influences the expression of a
different repertoire of defense-related genes compared to other WAKs.
This particular protein sequence (TraesCS3D02G046900.1), identified
as a WAK, contains the pkinase, GUB_WAK bind, SP and TM
domains but lacks an EGF domain, dassifying it as a WAKL by
earlier definitions (Figure 2). The bread wheat online annotation
reveals eight different ORFs for this gene with some producing
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TABLE 4 WAK and WAKL proteins characterised between the year 2018-2023.

Shacies WAK/WAKL protein WAK/WAKL protein WAK/WAKL Beferenca
P length (aa) weight (kDa) protein pl
Zhang
Brassica rapa ~200-3350 N/A N/A G
et al, (2020)
S Sipahi
Cannabis sativa 582-983 65,6-108,8 5,80-8,96 t al. (2022)
et al. (2022
Gossypium arboreum
: 9 23 Zhang
Gossypium raimondii 302-1049 48,86-117,73 5,00-9,20 tal. ( ’I;y“
el d Ul
Gossypium hirsutum
Gossypium hirsutum 606-1200 67.36-134.02 5.11-8.79 Dou et al. (2021)
Juglans mandshurica 629-1396 69.19-155.95
4,86-8,83 Li et al. (2022)
Juglans regia 513-839 57.57-92.13
Malus domestica 302-998 33,63-110,53 5,1-9,26 Zuo et al. (2019)
Medicago truncatula 52-771 5.55-85.6 4.47-10.17 Kong et al. (2023)
Nicotlann 202-1159 22,3-1282 4994 Ehing
benthamiana et al. (2023)
Pisum sativum 623-754 70.38-83.26 5.14-8.93 Li et al. (2023)
Rosa chinensis 369-891 N/A N/A Liu et al. (2021)
Saccharum
Wang
Shontaneun 441-1710 47,39-126,53 N/A 5
et al. (2023)
Sorghum bicolor
Sesame indicum 504-787 57.3-86.62 5.37-8.83 Yan et al. (2023)
Solanum lycopersicum 302-663 42.9-749 5.76-8.85 Sun et al. (2020)
Solanum lycopersicum 732-799 81.21-88.30 6.13-8.39 Kurt et al. (2020)
Solanum tuberosum 534-1045 59,98-116,77 5,20-8,33 Yu et al (2022)
Triticum aestivum N/A 65,4-119,2 5,09-9,24 Xia et al. (2022)
Zea mays 342-1328 38.03-147.35 4.96-8.96 Hu et al. (2023)

N/A means that that particular data was not discussed in the relevant publication.

proteins lacking the TM domain (http://plants.ensemblorg/
Triticum_aestivum/Gene/Summary?g=TraesCS3D02G046900) which
could explain the dispersal of this protein throughout the cell. This
emphasizes the need for a consistent definition of WAKs and
WAKLs to improve comparability across this gene family to
enhance our understanding of their function within the plant cell.
Subcellular localization predictions provide a foundation for further
molecular confirmation, because knowing where proteins function
can inform their roles and downstream processes and the cell
structures they influence.

6.2 Phylogenetic analyses for functional
inference and conserved motif analyses

Phylogenetic analyses of newly identified WAK/WAKL protein
sequences are constructed to assess the evolutionary relationships
and to infer functions based on similarities to other known protein
sequences (Sjolander, 2004). These phylogenetic analyses include
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the species-specific protein sequences or include previously
characterised protein sequences from other species. The WAK/
WAKLS typically form three to six phylogenetic clusters depending
on the study. Despite using protein sequences, these clusters often
reflect different gene structures, such as the number and placement
of exons within the ORF. This has been observed in N.
benthamiana, potato, tomato, and cannabis (Sipahi et al., 2022;
Sun et al, 2020; Yu et al., 2022; Zhong et al., 2023). Phylogenetic
clustering of proteins with similar gene structures provides an
additional level of evidence for the role of tandem duplications
within species, supporting the idea of gene family expansions within
these species. In sorghum, however, the number of exons varies
within groups, which suggests a different evolutionary process for
the sorghum WAK/WAKL genes (Wang ct al., 2023). Moreover,
genes from different species with similar structures are often more
closely related to each other than to those genes with differing
structures within the same species. Species-specific clades in the
WAK/WAKL gene family of walnut and cotton limit the ability to
make broader functional inferences (Li et al., 2022; Zhang et al,
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Peroxisome
Nucleus Chloroplast
Cytoplasm
WAK/WAKL
Endoplasmic Mitochondrion
reticulum
Golgi apparatus
Vacuole
Cell wall
Plasma Molecularly confirmed
GhWAK 2 & 12
membrane GhWAKL12 & 66
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Extracellular TraesCS3802G141500
space TraesCS5A02G445700
TraesCS2B02G536500
FIGURE 4

Subcellular localization predicted by in silico methods (yellow icons) or demonstrated through localization experiments (blue icon) of recently
characterised WAK and WAKL proteins in bread wheat, walnut, cotton, apple, cannabis, pea, barrel medic, and potato (Kong et al, 2023; Li et al,,
2022, 2023; Sipahi et al, 2022; Xia et al., 2022; Yu et al, 2022; Zhang et al., 2021; Zuo et al., 2019). (Created with BioRender.com).

2021). The Arabidopsis WAKs are well studied, but often form
independent clusters in phylogenetic analyses, hampering cross-
species comparisons. This suggests that the WAK/WAKL gene
family expands and evolves independently within each species,
becoming more distinct over time (Zhang ct al., 2021).

The composition of sequences used for phylogenetic analyses
varies between studies. Some only include the species’ identified
WAK/WAKLs, others incorporate A. thaliana sequences (including
studies done in bread wheat and tomato) and some (potato and
cannabis) include functionally characterised WAK/WAKLs
involved in development, cell elongation and defense from
various species such as A. thaliana, rice, cotton, maize, tomato,
and apple (Sipahi et al., 2022; Sun et al., 2020; Xia et al, 2022; Yu
et al, 2022). These analyses serve different purposes but often
provide varying levels of characterization. A recent detailed
phylogenetic analysis of 1061 WAK genes from 37 species
revealed five clades, providing evidence of lineage-specific
expansion after speciation, consistent with smaller-scale analyses
(Zhang et al, 2023). The main purpose of these analyses is to assess
relationships between previously characterised sequences, infer
function, or predict the evolution of the gene family within the
species. Including as many functionally characterised WAK/
WAKLs as possible maximizes the potential for inferring
function, especially since A. thaliana sequences often cluster
independently, as seen in sesame, walnut and cotton WAK/
WAKLs (Li et al., 2022; Yan et al.,, 2023). If the WAK/WAKLs of
only the species of interest are included, inferences could be made
on the evolution and expansion of the gene family within the
species, allowing for a hypothesized description of the gene family’s
history. Consistency in the approach would enhance comparability
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among the gene family as similar levels of description will
be available.

When assessing conserved protein motifs, most characterizations
use the online, open-source platform MEME (Multiple EM for Motif
Elicitation - https://meme-suite.org/meme/tools/meme) (Bailey et al.,
2015). MEME identifies near-exact repeating patterns of sequences
(conserved motifs) with statistical modelling. The maximum
number of conserved motifs is manually set, representing the best
statistical set. To ensure comparability, the number of conserved
motifs should be constant, ideally at 10, so that only the 10 most
significant motifs can be compared between WAK/WAKLs from
different species. Only cannabis, tomato and barley studies provided
motif sequences, showing little similarity in motif compositions
(Sipahi et al., 2022; Sun et al., 2020; Tripathi et al., 2021).

Ten motifs were identified in cannabis, potato, tomato, barley
and Saccharum species, 12 in cotton, and 15 in N. benthamiana
(Sipahi et al., 2022; Sun et al., 2020; Tripathi etal., 2021; Wang et al.,
2023; Yu et al, 2022; Zhang et al, 2021; Zhong et al,, 2023).
Groupings obtained by phylogenetic analysis often align with
motifs as seen in the group II cluster of potato WAKLs (Yu et al,,
2022). N. benthamiana and Saccharum spp. WAK/WAKLSs contain
motifs specific to phylogenetic groups, with higher similarity within
groups than those between groups (Wang et al,, 2023; Zhong et al.,
2023). The distribution and types of motifs in WAK/WAKLs are
largely conserved within phylogenetic groups likely due to the
absence of exon -gain and -loss over long evolutionary periods,
indicating functional conservation (Sun et al., 2020; Yu et al., 2022;
Zhong et al,, 2023). In cotton, variations were mainly observed in
the N-terminal of the proteins, where the SP, GUB_WAK_bind and
EGF-Like domains are located (Zhang et al., 2021). Conserved
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domains were primarily in the C-terminal (STK domain),
suggesting a highly conserved kinase domain for downstream
functioning. Less conservation in the SP, the pectin binding and
EGF-like domains could allow differential translocation between
proteins, recognition of different pectin forms, and interaction with
a wide range of additional proteins, respectively. Standardizing the
number of predicted motifs at 10 will allow more direct
comparisons across species, ensuring the best statistical set of
representative motifs.

6.3 Impact of polymorphism on function

Polymorphisms in the WAK sequences can significantly affect
protein functioning. The RFO! gene (annotated as AtWAKL22),is a
key defense gene in A. thaliana, providing resistance against
Fusarium oxysporum infection and was later described to detect
changes in methylation status of cell wall pectin following infection
(Huerta et al,, 2023). Polymorphisms between ecotypes of this gene
influence the protein’s efficiency in the defense response (Dicner
and Ausubel, 2005). The authors identified 21 polymorphisms
between two ecotypes, including two 3 bp deletions as well as 10
causing missense mutations. One mutation changed the highly
conserved glutamic acid (nucleotide 1652) in the resistant ecotype
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to glutamine in the susceptible ecotype. Similar sequence differences
were seen in the WAK2 genes of resistant and susceptible wheat,
including a deletion, an insertion, and an A-to-C substitution
(Gadaleta et al, 2019). Three independent wak2 mutant wheat
lines, with predicted loss-of-function mutations, exhibited severe
disease symptoms. The authors hypothesized that these
polymorphisms, along with alternative splicing, form different
WAK protein variants, influencing the efficiency of the defense
response. Focusing on the effect of polymorphisms within WAK/
WAKLSs among members of a species adapted to different biotic and
abiotic stresses is important. Identifying these polymorphisms
could improve in silico characterizations as an additional
predictive tool for functional inferences. However, creating a
comprehensive database of all known polymorphic regions with
associated functionalities is essential before this type of in silico
analysis can be implemented.

7 Discussion

The WAK/WAKL gene family has attained significant interest
recently, leading toa substantial influx of foundational characterization
studies. However, inconsistencies in the methodologies for
identification, classification, and characterization of this gene family

®

HMMER and/or BLASTp search
1. Full length WAK/WAKLs

Sl 2. AtWAKs and AtWAKLs
@ No GUB_WAK_bind or pkinase fmlh GUB_WAK bind and pkinase /™ 1 cep
ALL: Varying:
EGF-like EGF-like
SP SP
N- GUB_WAK_bind )~..(_ EGF-like (1-3 e erC
Classification it ( e ) ( (-3 ) @ ™
nr
Chromosoma Protein properties Expression analysis
placement
Conserved motif - e
Charactisation Gene - .Qts)s()l:e specificity
tructure Phylogenetic diotic response
s analysis Biotic response

Protein Subcellular Cis-acting element
domains localisation prediction

FIGURE 5
Proposed methodology for identifying, classifying and characterizing the

WAK/WAKL gene family using species-specific proteomes. The outline

specifies the identification methods, the minimum inputs required for classification, and which sequences should be excluded. Following
classification, it lists the general analyses to be performed for a comprehensive in silico characterization of the gene family. (Created with

BioRender.com)
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have hampered the comparability and robustness of the results.
Figure 5 provides a guideline to standardize the identification,
classification, and characterization of WAK/WAKL gene families,
aiming to streamline the process and improve consistency across
different species.

The identification process begins with the predicted proteome
of the species of interest. This proteome is used in a HMMER or
BLASTp search utilizing full-length WAK/WAKL sequences, with
at least the AtWAK/WAKL sequence, as the query. Using full-
length proteins as inputs is crucial since domain-based HMMER
searches may overlook genes lacking specific queried domains,
given the previous variations in WAKL definitions. Only proteins
identified with an e-value < le”® should be considered for further
investigation, as this is the typical threshold used. Proteins not
containing both the GUB_WAK_bind and pkinase domains (or
have the domains but with an associated e-value > le”) should be
discarded, while those that contain both domains are kept for
classification. The classification of WAKs and WAKLs should
follow the model proposed in this review, with all domains
having an e-value < le? (Figure 2). Once classified, the WAK/
WAKL genes can undergo thorough characterization to fully
describe the family. This characterization provides information on
the genes, their protein products, and their regulation for functional
implication. Visualizations can be created using TBtools with
information extracted from general feature format (gff or gff3)
files for gene structure and chromosomal placement, and output
from the NCBI CDD search for protein domains (Chen et al., 20205
Marchler-Bauer et al,, 2011). Protein descriptions can be done by
extracting the protein sequences and using tools such as Genefinity
(http://www.geneinfinity.org/) for protein property predictions,
MEME (https://meme-suite.org) for conserved motif prediction,
Genious Prime or MEGA for the phylogenetic analysis using
protein sequences and WoLF PSORT (https://wolfpsort.hgc.jp/)
for subcellular localization prediction (Bailey et al., 2006; Horton
et al, 2007; Tamura et al, 2021). Regulation can be assessed by
visualizing expression data generated (or obtained from an online
database) with R-studio or TBtools, while cis-acting elements can be
predicted with PlantRegMap (https://plantregmap.gao-lab.org/)
and/or PlantCARE (https://bioinformatics.psb.ugent.be/webtools/
plantcare/html/) with A. thaliana as the reference species (Chen
et al., 2020; Lescot et al., 2002; Racine, 2012; Tian et al., 2019).

By implementing this model for future characterizations, there
will be an increased consistency across the WAK/WAKL gene
family, facilitating better comparisons between and across species.
To address previously described WAK/WAKL, the coding
sequences should be made available for future researchers to
confirm or adjust annotations using these guidelines for more
accurate large-scale analyses. Both WAKs and WAKLs have been
shown to be involved in various developmental and defense-related
pathways, playing important roles in plants. Incorrectly identifying
a WAKL as a WAK, or identifying a WAKL when it does not meet
the minimum criteria, can impact future functional work looking
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into their biological significance, as there may be differences in
modes of functioning due to differing defining features such as
functional protein domains. Improved characterization and
comparisons of gene families will enhance bioinformatic
predictions based on previous data, leading to a better selection of
candidate genes for functional analysis.
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Abstract

The avocado industry faces a significant threat from the hemibiotrophic oomycete pathogen
Phytophthora cinnamomi. One of the most variably expressed defence genes during an
avocado infection trial was a Wall-associated kinase (WAK). However, further research into
this gene family in avocado is limited. WAK and WAK-like (WAKL) proteins are known to bind
to fragmented pectin (oligogalacturonides) produced during pathogen penetration, thereby
activating downstream defence-related pathways. To better understand the P. cinnamomi-
avocado defence interaction, this gene family was assessed using in silico methods. In this
study, previously generated RNA-sequencing data were used to associate genes with the
defence response, followed by promoter- and phylogenetic analysis of these genes/proteins.
The predicted proteins from these genes were modelled with AlphaFold2, and structural
similarity across different rootstocks, as well as their binding affinity for oligogalacturonides,
were assessed. The analysis identified 14 PaWAKs and 62 PaWAKLs across the West-Indian
(pure accession reference), Dusa®, Leola™ and R0.12 avocado rootstock genomes. These
genes showed distribution across the West-Indian genome’s chromosomes, with MCScanX

analyses predicting tandem duplications. Differences in gene family composition were
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observed across the rootstocks. PaWAK/WAKL expression profiles were compared between
P. cinnamomi-infected R0.12 (susceptible) and Dusa® (partially resistant) rootstocks,
implicating five PaWAK/WAKLs in defence. Phylogenetic and promoter analyses were
conducted to predict associated defence-related pathways, focusing on stress and
phytohormone-responsive pathways. It is hypothesized that these pathways influence the
regulation of the upregulated PaWAK/WAKLs. The proteins of the upregulated genes showed
structural differences and varying oligogalacturonide binding affinities across rootstocks. This
is the first comprehensive in silico characterisation of the PaWAK/WAKL gene family in
avocado. The analyses revealed differences across rootstocks, indicating that PaWAK/WAKLs
play a crucial role in the varying efficiencies of defence responses at a multi-omic level. These
genes could be incorporated into a molecular screening tool to improve the development of

resistant avocado rootstocks.

Introduction

Persea americana (avocado) production is significantly threatened by the soil-borne
oomycete Phytophthora cinnamomi (Hardham, 2005, Hardham and Blackman, 2018).
Infection by this hemibiotroph can lead to Phytophthora root rot, a disease that results in
decreased fruit yield and potential tree death (Ramirez-Gil et al., 2017). Avocado deploys a
multi-faceted defence response that includes cell wall modifications, Reactive Oxygen Species
(ROS) scavenging and detoxification, proteinase inhibitors and induction of defence-related
genes (van den Berg et al., 2021). A Wall-associated kinase (WAK) was identified as one of the
defence- and stress-related genes with the most variable expression between the susceptible
R0.12 and partially-resistant Dusa® avocado rootstocks, following P. cinnamomi inoculation
(Backer et al., 2022). The WAK and WAK-like (WAKL) gene family has been associated with
defence responses in a variety of plant species. Examples that illustrate the extensive defence
capabilities of WAK/WAKLs in defence against bacterial, fungal, viral and oomycete pathogens
include WAK/WAKLs in tomato against Pseudomonas syringae, rose against Botrytis cinerea,
cotton against Verticillium dahliae and Fusarium oxysporum, rice against Magnaporthe
oryzae, Nicotiana benthamiana against tomato yellow leaf curl virus, and potato against
Phytophthora infestans (Delteil et al., 2016, Wang et al., 2020, Zhang et al., 2020b, Liu et al.,
2021, Yu et al., 2022, Zhong et al., 2023). Some WAK/WAKLs have been shown to confer
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resistance to fungi with either hemibiotrophic or necrotrophic lifestyles, through various
mechanisms including pathogen- or host-derived elicitor detection and cell wall restructuring

(Stephens et al., 2022).

WAK proteins are transmembrane pectin receptors, part of the 15 receptor-like kinase (RLK)
subfamilies, serving several functions within the plant cell. WAKs can bind native pectin
thereby influencing cell expansion during developmental stages. They can also bind
oligogalacturonides (OGs), which are fragmented pectin produced during abiotic stress like
wounding and biotic stress like pathogen infection. The OGs act as damage-associated
molecular patterns (DAMPs) to elicit a defence response (Kohorn and Kohorn, 2012, Kohorn,

2015).

With the availability of the avocado West-Indian pure-accession reference genome and the
re-sequenced genomes of key rootstocks (Avocado Genome Consortium), there is an
opportunity to identify and compare the PaWAK/WAKLs among rootstocks with varying levels
of resistance to P. cinnamomi. Given the importance of this gene family in plant defence
across multiple species, it is hypothesised that a subset of these genes will be implicated in
the successful defence response of avocado against P. cinnamomi. Additionally, differences
in this gene family between rootstocks are thought to contribute to variation in defence. In
total, 14 Persea americana PaWAKs and 62 PaWAKLs were identified and fully described. Five
candidates were implicated in defence, showing differences between the rootstocks in terms
of expression during infection, cis-acting regulatory elements, predicted 3D protein structures

and OG binding affinity (BA).

Materials and methods

Putative PaWAK/WAKL identification

Wall-associated kinases (WAK) or Wall-associated kinase-like (WAKL) protein sequences were
extracted from the NCBlI database, including those of AtWAK/WAKLs

(https://www.ncbi.nlm.nih.gov/website, accessed on 15/06/2023). A Clustal Omega

alignment (Geneious Prime v2023.1.2 with default settings) was performed to generate a
HMMER profile, which was used as a query for a local HMMER v3.3.2 (Finn et al., 2011) search

against the avocado West-Indian pure accession reference, Dusa®, Leola™ and R0.12
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predicted proteomes (Avocado Genome consortium, unpublished data). Results with E-values

< 1x10° were retained for further classification.

PaWAK/WAKL classification

All protein sequences were extracted from the West-Indian genome for protein domain
analysis. Each sequence had to contain either a WAK or GUB_WAK_bind (Wall-associated
receptor kinase galacturonan binding), STKc_IPAK (Catalytic domain of the Serine/Threonine
kinases, Interleukin-1 Receptor Associated Kinases and related STKs) or PKc-like (Protein
Kinases, catalytic domain) domain predicted by the NCBI Conserved Domain Database (CDD)

search (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi). Additionally, each

sequence required a GUB_WAK_Bind and protein kinase (pkinase) domain predicted by

InterProScan (specifically the Pfam database https://www.ebi.ac.uk/interpro/) to be

considered a WAK/WAKL. Sequences not meeting these criteria were excluded. Subsequent
WAK classifications required a WAK or GUB_WAK and STKc_IPAK or PKc-like domain, a signal
peptide predicted through SignallP-5.0 (https://services.healthtech.dtu.dk/services/SignalP-

5.0/), a transmembrane domain predicted through THMM-2.0
(https://services.healthtech.dtu.dk/services/TMHMM-2.0/), and at least one EGF (epidermal

growth factor)-like or EGF_CA (EGF-calcium binding) domain predicted through NCBI CDD,
InterProScan (Pfam), and SMART (http://smart.embl-heidelberg.de/). Domains had to be

present in two of three predictions with an E-value < 0.01 to be considered true domains.
Sequences not containing these five domains in tandem were classified as WAKLs (Zhang et
al., 2021, Li et al., 2022). The PaWAK/WAKLs were renamed according to position on the
chromosomes. The protein domains, gene structure and position on the West-Indian genome

of the PaWAK/WAKL genes were visualised with TBtools v2.086 (Chen et al., 2020).

PaWAK/WAKL protein sequence analyses

The molecular weight and isoelectric point of the proteins, along with their subcellular
localization and conserved motifs, were predicted using the online platforms Genelnfinity

(http://www.geneinfinity.org/sms/sms_proteinmw.html,), WoLF PSORT

(https://wolfpsort.hgc.jp/, ) and MEME (https://meme-suite.org/meme/tools/meme). The

protein sequences of all the PaWAK/WAKLs were subjected to an All-to-All BLASTp search,
followed by the use of MXScanX (in TBtools) to predict the tandemly duplicated gene pairs

(Wangetal., 2012, Chen et al., 2020). This analysis was further refined by predicting the non-
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synonymous substitution rate (K;), synonymous substitution rate (Ks), and Ku/Ks ratio for the
tandemly duplicated pairs using TBtools v2.086. These predictions were used to determine
which evolutionary processes, either purifying or positive selection, are acting on these gene

pairs (Chen et al., 2020).

PaWAK/WAKL expression analysis during P. cinnamomi infection

RNA-sequencing data were used from a previous study (Backer et al., 2022). In this study,
avocado rootstocks were inoculated with a P. cinnamomi zoospore suspension, and roots
were harvested at 6, 12, 24 and 120 hpi for RNA-sequencing. The expression profiles for all
PaWAK/WAKLs at these four time points were obtained and visualized through a heatmap
generated with R-studio and TBtools v2.086 (Racine, 2012, Chen et al., 2020). Significant

expression changes were defined by an adjusted P-value < 0.05 and Log,FC > 1.

Phylogenetic analysis of PaWAK/WAKLs
Arabidopsis thaliana WAK/WAKL protein sequences were obtained from The Arabidopsis

Information Resource (TAIR) database (https://www.arabidopsis.org/) based on the

designations previously described (Verica and He, 2002). AtWAKL19 was excluded as its
sequence was not available on TAIR. Defence-related WAK and WAKL protein sequences were
obtained from the NCBI database (Table S1, accessed on 11/07/2023) based on relevant
literature (Larkan et al., 2020, Wang et al., 2020, Zhang et al., 2020b, Liu et al., 2021, Stephens
et al., 2022, Kong et al., 2023). These sequences were aligned with the PaWAK/WAKLs using
Clustal Omega, and identical sites were masked. A Jukes-Cantor, Unweighted Pair-Group
Method with Arithmetic Mean (UPGMA) phylogenetic tree was constructed using a bootstrap
of 5000 (node threshold of 50%), with default settings on Geneious Prime v2023.1.2.

Promoter analysis of PaWAK/WAKLs
The promoter regions (2000 bp upstream of the start codon) of all identified PaWAK and

PaWAKL genes were extracted from the West-Indian pure accession, Dusa®, Leola™, and
R0.12 genomes using GenomeView-N42 (Abeel et al., 2012, Zhang et al., 2021, Li et al., 2022,
Wang et al., 2023, Zhong et al., 2023). These promoter sequences were uploaded to the

PlantRegMap Binding site prediction tool (http://plantregmap.gao-

lab.org/binding site prediction.php on 04/08/223) with A. thaliana as the reference species

and a P-value cutoff of < 10~ (Lescot et al., 2002, Tian et al., 2019). Additionally, the promoter

sequences were analysed using the PlantCARE online database
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(https://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 26/09/2023).

Identified elements with two or more predictions in the same location were considered as a

single element. The identified elements were visualized with TBtools v2.086.

Structure and ligand binding analyses of candidate defence PAaWAK/WAKLSs

The protein sequences corresponding to the upregulated genes were uploaded to the
AlphaFold2 online platform for 3D structure prediction

(https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipy

nb#scrollTo=kOblAo-xetgx). AlphaFold2 was chosen because AlphaFold3 was still in Beta

version at the time of article submission. The resulting protein structure PDB files were
visualized with ChimeraX v1.7.1, and the protein domains were coloured according to the

InterProScan Pfam protein domain predictions.

The 3D protein structures of the same WAK/WAKL proteins across different genomes were

superimposed using CLICK and TM-score server (http://cospi.iiserpune.ac.in/click/ and

https://seq2fun.dcmb.med.umich.edu//TM-score/ - accessed on 28/02/2024) to calculate

superimposition scores between the pairs (Zhang and Skolnick, 2004, Nguyen et al., 2011).
Through the CLICK analysis, lower to middling RMSD scores (< 2 A to 2-4 A) were used to
indicate high to moderate structural similarity, while higher to middling associated Z-scores
(> 2 and 1-2) were used to suggest significant alignment better than random chance. A high
RMSD score (> 2 A) with a low Z-score (< 1) indicated structural differences and unreliable
alignment. The RMSD scores followed the same boundaries in the TM-score sever analysis,
with scores closer to one (cutoff boundary TM-score > 0.5), indicating that the proteins are
more likely to be in the same fold (Xu and Zhang, 2010). To serve as negative and positive
controls, different PAaWAKLs from two genomes (PaWAKL17 from Dusa® and PaWAKL61 from
Leola™) and the same PaWAKL from the same genome (PaWAKL17 from Dusa®) were

superimposed.

The 3D protein structures of the PAWAK/WAKLs were uploaded to the Molecular Docking

server platform (https://www.dockingserver.com/, accessed on 01/03/2024) along with an

OG 3D structure (beta-D-Galactopyranuronic acid, pectin monomer from PubChem with

accession number 441476: https://www.ncbi.nlm.nih.gov/, accessed on 19/02/2024) to

predict binding energies and inhibition concentration (Ki) of the OG interaction with the

PaWAK/WAKLs (Bikadi and Hazai, 2009). Because this interaction did not involve an inhibitor
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as the ligand, Ki was interpreted as Ky (dissociation constant), reflecting the BA of the protein
for the ligand. Free energy of binding quantifies the energy change or stability that occurs due
to the binding taking place. Favourable ligand-protein binding is indicated as negative free
energy of binding values, with the more negative values (lower values) indicating greater
favourability. The vdW + Hbond + desolv energy is a single value that quantifies the energy
contributed by van der Waals forces, hydrogen bonds, and desolvation energy, with larger
negative values representing more stable/favourable interactions. The Ky represents the
concentration at which half of the protein’s binding sites are occupied with the ligand, with
lower Ky values suggesting tighter binding affinity and higher values representing weaker
binding affinity. The target binding area on the PaWAK/WAKLs was centred at the
GUB_WAK_bind domain. The target box started with a volume of 35 A% and was reduced to
ensure the GUB_WAK_bind domain and minimal other amino acids were included. The best

binding scenario was used for evaluation.

Results

The full repertoire of PAWAK and PaWAKL genes characterised
The first step in the characterisation of the PaWAK/WAKLs was to identify, classify and

describe the gene family members. The West-Indian reference genome contained 14 PaWAKs
and 62 PaWAKLs that were randomly distributed, with some clustering across 10 of the 12
chromosomes and the unassigned scaffolds (Figure 1A), similar to observations in other
species (Zhang et al., 20204, Liu et al., 2021, Yu et al., 2022, Li et al., 2023, Yan et al., 2023).
There were 31 tandemly duplicated pairs predicted, with K,/K; ratios between 0.17 and 1.10
(Figure 1B and Table S2). One pair (PaWAKL18 and PaWAKL19) had a ratio > 1, suggesting
positive selection for this pair, unlike the rest of the gene pairs predicted to be undergoing

purifying selection (Ka/Ks < 1).

When comparing the genomes of R0.12, Leola™ and Dusa® to the West-Indian reference, all
14 PaWAKs were identified in the other three genomes. However, the number of PaWAKLs
varied: R0.12 had 60, Leola™ had 56 and Dusa® had 58, with no additional PaWAK/WAKLs
being identified (Table S3). Dusa® lacked PaWAKL3, PaWAK6, PaWAK16, and PaWAK32; R0.12
lacked PaWAKL16 and PaWAK39; Leola™ lacked PaWAKL12, PaWAK14, PaWAK15,
PaWAK16, PaWAK21, and PaWAK53. PaWAKL16 was unique to the West-Indian genome
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while PaWAKL39 was only absent in R0.12 (a P. cinnamomi-susceptible rootstock) but present

in both partially-resistant rootstocks (Leola™ and Dusa®).

The PaWAK/WAKL open reading frames (ORFs) varied in length from 2,000 to 30,000
nucleotides, comprised of 1-10 exons and introns of differing lengths (Figure 1C). The gene
architectures fell within the range of the previously described smallest (1.3 kb in N.
benthamiana) and largest (~¥330 kb in Juglans species) WAK/WAKLs, with exon numbers
showing similarities to other characterized WAK/WAKLs, such as the widest range of 1-27
exons in Brassica rapa (Zhang et al., 2020a, Li et al., 2022, Zhong et al., 2023). In A. thaliana
(At)WAK/WAKLs, the gene structures were well conserved, with three exons and two introns,
where the middle exon was smaller than the two flanking it (Verica and He, 2002). This gene
structural pattern was seen in 11/14 PaWAKs and 29/62 PaWAKLs, representing the majority
(40/62) of the gene structures observed. This pattern, including those with four exons and
three introns, is associated with immunity-related WAK genes in species like A. thaliana,

cotton and rice (Stephens et al., 2022).
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Figure 1. PaWAK/WAKL gene family characteristics. (A) The PaWAK/WAKLs are distributed
across 12 chromosomes and unassigned scaffolds (Peame105C00) of the West-Indian pure
accession reference genome, with tandemly duplication pairs connected by blue lines. (B) The
Ka/Ks ratio for the tandemly duplicated pairs was calculated using MCScanX. Pairs with a Ko/Ks
ratio greater than one were suggested to be undergoing positive selection, while ratios below
one indicated purifying selection. (C) The open reading frames of the PaWAK/WAKLs ranged
from approximately 2000 to 30 000 bp, with varying numbers of exons (coding sequences -
CDS) and introns (grey lines), and some untranslated regions (UTRs) identified. Chromosome
placements and gene structures were visualized with TBtools, and the K,/K;s values were

visualized with Plotly (https://chart-studio.plotly.com).

PaWAK/WAKUL protein properties and conserved motifs

The downstream PaWAK/WAKL proteins were also characterized to provide a multi-level
description of this family. The proteins ranged from 301 to 1293 amino acids in length, had
molecular weights between 33.45 and 142.86 kD, and isoelectric points between 5.17 and
9.13. The majority were predicted to localize to the plasma membrane, with some found
throughout the cell (Figure S1 and Table S4). These properties were within normal ranges for
plant species, and plasma membrane localisation has been experimentally demonstrated in
cotton and bread wheat WAK/WAKLs (Ramirez-Sanchez et al., 2016, Mohanta et al., 2019,
Zhang et al., 2021, Xia et al., 2022). All PaWAK proteins contained the five required domains,
while PaWAKLs displayed multiple domain combinations, showing variation in the presence
or absence of EGF_like, TM and SP domains. Specifically, 14/62 WAKLs lacked a signal peptide

and 26/62 lacked a transmembrane domain (Figure 2A and Table S3).

PaWAKLS was predicted to have an EGF_CA domain in the NCBI Conserved Domain Database
(CDD) search with an E-value of ~0.002. However, this domain was not predicted through the
Pfam database on InterProScan, and the SMART search E-value for the domain was 0.028 (E-
value > 0.01, not considered significant), thus it was classified as a WAKL. The 10 most
abundant predicted conserved motifs in the PaWAK/WAKL proteins clustered within the C-
terminal region, where the kinase domain lies (Figure 2B). When comparing the pairwise
identity of the same WAK/WAKL protein sequences across the four genomes, identity varied
from 10.5% to 100%, with more than half (47/76) showing an identity above 80%. The protein

sequence variation was mostly present in PaWAKLs, while PaWAK sequences were more
28
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conserved. This could suggest differences in the proteins produced by the same gene from

different rootstocks.
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Figure 2: PaWAK/WAKL protein domains and conserved motifs. (A) PaWAK and PaWAKL
protein domains were visualised using the results from the NCBI Conserved Domain Database
(CDD) batch search. SignalP-5.0 and TMHMM-2.0 were used to predict the presence of signal
peptides and transmembrane domains, with the blocks preceding the proteins representing
the presence (green) or absence (red) of each, respectively in that order. (B) The top 10 most
conserved protein motifs were predicted through MEME. Protein properties were visualised

with Plotly (https://chart-studio.plotly.com), and protein domains and conserved motifs were

visualized with TBtools.
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Expression analysis of PAWAK/WAKLs during P. cinnamomi infection

The upregulation of certain genes during infection strongly implicated them in pathogen
defence responses. The PaWAK/WAKL expression profiles, from RNA-sequencing data
(avocado inoculated with P. cinnamomi), showed differential expression within this gene
family (Figure 3 and Table S5). Significant upregulation at one or more time points was
observed for 22 (28.9%) PaWAK/WAKLs in Dusa® and for 14 (18.4%) PaWAK/WAKLs in R0.12.
In the partially-resistant avocado rootstock, Dusa®, PaWAK4, PaWAK13, PaWAKLS5,
PaWAKL10, PaWAKL29, and PaWAKL31 were upregulated at multiple time points. Notably,
PaWAK13 and PaWAKL29 also showed upregulation at 6 hours post-inoculation (hpi) in the
susceptible R0.12. PaWAKL29 exhibited a LogzFold Change (Log2FC) > 8 at three time points
(6, 12, 24 hpi) in Dusa’. In contrast, in R0.12, PaWAKL29 expression was > 7 Log,FC at 6 hpi,
reducing to a non-significant increase compared to the experimental control at subsequent
time points. Significant downregulation at one or more time points was seen for 10 (13.2%)
PaWAK/WAKLs in Dusa® and for nine (11.8%) PaWAK/WAKLs in R0.12. Downregulation across
two or more time points in Dusa® was observed for PaWAKL17, PaWAKL18, PaWAKL43,
PaWAKL49, and PaWAKL61. Of these, only PaWAKL61 did not show downregulation in R0.12

as well.
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Figure 3: Expression profile heatmap of all PaWAK/WAKL genes during P. cinnamomi infection
of a partially-resistant (Dusa®) and a susceptible (R0.12) avocado rootstock. More intense red
blocks indicate a higher Log,FoldChange (Log2FC) compared to the uninoculated controls and
more intense blue blocks indicate a lower LogFC compared to the controls. Values are shown
for time points where the Log>FC change was significant, defined as adjusted P-value < .05
and Log,FC > 1. All LogxFC values and adjusted P-value are provided in Table S5.

Phylogenetic analysis of PaWAK/WAKL, AtWAK/WAKL and defence-related
WAK/WAKLSs

The Jukes-Cantor Unweighted Pair-Group Method with Arithmetic Averaging (UPGMA)
phylogenetic tree was constructed to determine if any PaWAK/WAKL showed a relationship
to previously characterized proteins, allowing for functional inferences (Table S1). The
analysis revealed that the majority of the WAK/WAKLs from other species clustered
separately from the PaWAK/WAKLs (Figure 4). Most of the AtWAK/WAKLs formed distinct
clusters, some of which included WAK/WAKLs from other species. However, AtWAKL7,
AtWAKL14, AtWAKL15, AtWAKL20, AtWAKL 21, and most of the defence-related WAK/WAKLs
included in the analysis (excluding RIm9 and RcWAK4) were dispersed within the
PaWAK/WAKL clusters.
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Figure 4: Phylogenetic analysis of the PaWAK/WAKL protein sequences with WAK/WAKLs
from Arabidopsis thaliana and a subset associated with defence in rose, cotton, tomato, and
barrel medic. This represents a Jukes-Cantor, Unweighted Pair-Group Method with Arithmetic
Averaging (UPGMA) phylogenetic analysis of PaWAK/WAKL, AtWAK/WAKL (yellow) protein
sequences along with those implicated in defence from other species in blue (Larkan et al.,
2020, Zhang et al., 2020b, Liu et al., 2021, Stephens et al., 2022, Kong et al., 2023). Bootstrap
support values are shown preceding the nodes (rounded to one decimal place). Protein
sequences highlighted in red correspond to genes that showed upregulation during P.
cinnamomi infection. The tree was constructed using Geneious v2023.1.2 with a bootstrap of
5000, using default settings. The Newick tree was visualized with Interactive Tree of Life (iTOL

v6, https://itol.embl.de/), and the protein sequences are provided in Table S1.

33

© University of Pretoria


https://itol.embl.de/

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

The protein sequences corresponding to the PaWAKs and PaWAKLs that are located near
each other on the genome were grouped together in the phylogenetic analysis. This
suggested that sequences in close genomic proximity tend to be more similar than those
further apart. This correlated with the high number of tandemly duplicated gene pairs, as this
expansion allows for duplication near the original sequence. An example was the clustering
of PaWAK9, PaWAKL25, PaWAKL26, and PaWAKL27, which were all located in proximity to
one another on the chromosome, with the PaWAKL25 and PaWAKL26 pair, and the
PaWAKL26 and PaWAKL27 pair identified as tandemly duplicated genes. The phylogenetic
analysis supported the evidence of tandem duplications within this cluster. The node
bootstrap confidence values ranged from 51.2 to 100, with the majority being over 70 (88/102
nodes > 70), allowing for functional inferences — sequences closely related may have similar
functions within the plant cell. The closest relationships between a PaWAK/WAKL protein
identified during the expression analyses, and defence-related proteins from other plant
species were between PaWAK13 and Gossypium hirsutum (cotton) GhWAKS5A, GhWAK7A and
Solanum lycopersicum (tomato) SIWAK1 (Wang et al., 2020, Zhang et al., 2020b). Pairwise
comparisons of the protein sequences of PaWAK13 and SIWAK1, GhWAK5A and GhWAK7A,
showed percent identities of 42.2%, 44.8% and 42.2%, respectively.

Prediction of cis-acting elements for inferring involvement in cellular pathways

To understand the factors influencing the differential expression between Dusa® and R0.12
during infection, the promoter regions (2000 bp upstream of the start codon) of the
upregulated genes showing upregulation across three or more timepoints in Dusa® (PaWAK4,
PaWAK13, PaWAKL10, PaWAKL29, and PaWAKL31) were analysed for the presence and
composition of cis-acting elements (Figure 5). The low number of identified elements in the
promoter of PaWAKL29 in R0.12 was due to a large portion of the promoter consisting of
unannotated nucleotides (N), making it difficult to draw conclusions on the PaWAKL29
regulation in R0.12. While the focus was on the elements identified in the promoters of
upregulated genes, the full repertoire for all PaWAK/WAKLs was predicted (Table S6). In total,
74 unique elements were identified with roles in light- (23 elements), phytohormone- (10
elements), and stress-responsiveness (three elements), as well as general processes (five
elements) and floral development (three elements). Certain elements such as ACE, AE-box,

ATCT-motif, AuxRR-core, Box ll, Circadian, GA-motif, Gap-box, GTGGC-motif, LTR, Pc-CMA2c
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TGA-element, ARR-B, BBR-BPC, BES1, EF2/DP, GeBP, LYF, Nin-like, and SRS showed presence
in only one gene (gene specificity) when considering the promoter regions of the five

upregulated genes.

0010020015}?900200300001 01003001211121202224322025000002043010¢00 30 2 0 PaWAK4 (Wi}
000002001570010120000100100300011012130222332130300000104201010 0 1 1 PawAK4 (D)
0100020014800 102200001 010020002101213012132210240000000430000°0 4 0 2 0 PaWAK4(12)
0000020015F0010120000101200300020012140222331103400000104301010 0 1 1 PaWAK4 (L)
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020202001001010030100142110 40113022000 11300050110000021100 11860 10 PaWAKL10(D)
020202001011010030100142110 040113022000 11300150110000021100 11800 1PaWAKLT0(12}
0202120010210100301001582 100 40113022000 013000501110000111001058 110 PaWAKL10(L)
0100100010402 100122010213011010001000 101 00102030201011310100005000 PaWAKL29(WI)
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Figure 5: Cis-acting element composition in the promoter regions (2000 bp upstream of the
start codon) of PaWAK4, PaWAKL10, PaWAKL29, PaWAKL31, and PaWAK13 across four
avocado rootstock genomes (WI-West Indian, D-Dusa®, 12-R0.12 and L-Leola™) as predicted
by PlantCARE (ABRE to TGACG-element) and PlantRegMap (AP2 to ZF-HD). More intense
green indicates a greater number of unique locations for that element, with the value

representing the number of unique locations predicted.

Elements found in high abundance (three or more) in the PaWAK4 promoter regions across
the genomes included ABRE, G-Box, G-box, STRE, AP2, bHLH, bZIP, Dof, MICK_MADS, MYB
and TCP. These elements are involved in phytohormone responsiveness,
growth/development, and environmental responses (Tian et al., 2019). Notably, ABRE, an
abscisic acid-responsive element, was more abundant in PaWAK4 than in the other four
genes, potentially indicating a pathway that differentiates its expression from the others.
PaWAKL10 had fewer elements overall, compared to PaWAK4, with the same high abundance
of Dof and TCP. However, PaWAK4 lacked the TATC-box (involved in gibberellin-
responsiveness), while PaWAKL10 contained four copies, conserved across the promoters
from all four genomes. PaWAKL29, PaWAKL31 and PaWAK13 had fewer elements overall in

the upregulated subset of promoters.
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When comparing PaWAK/PaWAKL promoters in Dusa’ to those in R0.12, there were 11
(PaWAK4), 1 (PaWKL10), 25 (PaWAKL29), 3 (PaWAKL31), and 11 (PaWAK13) elements that
were more abundant in Dusa®. Alternatively, there were 8 (PaWAK4), 4 (PaWKL10), 5
(PaWAKL29), 4 (PaWAKL31), and 6 (PaWAK13) that were in higher abundance in R0.12

promoters when compared to Dusa”’.

The promoter regions of an additional partially-resistant avocado rootstock, Leola™, were
included to predict whether the pathways involved in the upregulation of PaWAK4,
PaWAK13, PaWAKL10, PaWAKL29, and PaWAKL31 in Dusa’, were similar in Leola™. The
Leola™ PaWAK4 promoter contained additional ABRE and STRE elements compared to R0.12,
and additional ABRE elements compared to Dusa®, indicating a potentially higher
responsiveness to abscisic acid (ABA) and stress-related pathways. The Leola™ PaWAKL10
promoter had a CCAAT-box (stress-responsive element) that was absent in the promoters
from all other genomes. Similar to the Dusa® PaWAKL31 promoter, the Leola™ promoter had
a GARE-motif (Gibberellin responsive element), which was absent in R0.12. The PaWAK13
promoter in Leola™ did not contain any phytohormone- or stress-responsive elements in
higher abundance compared to R0.12, but it did have more GATA-motif, I-box, Lamp-element,
and TCT-motif elements, which are all light-responsive. This suggested that PaWAK13 in
Leola™ may be more responsive to changes in light, potentially relating to circadian

pathways.

Structure and ligand binding analyses of candidate defence PAWAK/WAKLSs
The monomer 3D protein structures of PaAWAK4, PaWAK13, PaWAKL10, and PaWAKL29 from

the four available rootstocks were computationally predicted to assess structural similarity.
PaWAKL31 was excluded from this analysis as it could not be modelled with AlphaFold2, for
any of the available genomes. Visual representation of the protein structures revealed a lack
of structural consistency across rootstocks for the same PaWAK/WAKL proteins (Figure 6A).
Amongst the proteins analysed, PaWAK13 showed the most similarity, while PaWAKL29 was
the least similar. When superimposed, the same WAK or WAKL proteins from all four
rootstocks demonstrated even more evident structural discrepancies (Figure 6B). Complete
superimposition was not achieved for any of the four PaWAK/WAKLs across the rootstocks,

only highlighting qualitative structural differences.
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Pairs of 3D protein structures from two rootstocks at a time (an example would be R0.12
PaWAK13 superimposed with West-Indian PaWAK13) were assessed to determine if the
proteins were structurally identical across the four rootstocks (Figure 6C and Table $7). Most
pairs of superimposed PaWAK4, PaWAK13 and PaWAKL10 had root-mean-square deviation
(RMSD) values < 2 A (Armstrong) with associated Z-scores > 2 and TM-scores > 0.5, indicating
high structural similarities between these proteins across the rootstocks. However,
PaWAKL29 proteins showed the most variation with only PaWAKL29 from Leola™ and the
West Indian being predicted as structurally similar. When compared to R0.12 both PaWAK4
and PaWAK10 in Dusa®, and PaWAK4 in Leola™ showed TM-scores < 0.5, but all other values
indicated structural similarity. When compared to the West-Indian PaWAK13 from Dusa’,
PaWAK10 from R0.12, and PaWAKL29 from Leola™ had RMSD values > 2 A from the TM-score
server, although the CLICK server RMSD scores were < 2 A with high Z-scores and TM-scores,
indicating structural similarity. The comparisons of PaWAKL10 in Leola™ and West Indian,
PaWAKL29 in Dusa’ and West Indian and PaWAKL29 in Dusa’ and Leola™ had RMSD values >
2 A from the TM-score server, with associated low TM-scores, but a low RMSD from CLICK,
and high Z-scores. The low Z- and TM-scores for PaWAKL29 in R0.12 and West Indian,
PaWAKL29 in Dusa” and R0.12, and PaWAKL29 in Leola™ and R0.12 suggest that these pairs

consist of structurally different proteins.

A PaWAK/WAKL-OG binding prediction analysis was conducted to assess the binding potential
of each corresponding upregulated gene’s PaWAK/WAKL protein with an OG and to identify
if any proteins show higher affinity for the OG ligand, given the structural differences between
rootstocks. All the PaWAK/WAKLs assessed had negative binding energies between -4 and -5
kcal/mol, indicating favourable exothermic (spontaneous) binding (Figure 6D and Table S8).
There were binding energy and dissociation constant (Kq) differences between the same
PaWAK/WAKL proteins from different rootstocks, likely due to the structural differences
noted previously. The proteins that were predicted to bind OGs most efficiently from each
rootstock were PaWAK4 from R0.12, PaWAK13 from Leola™, PaWAKL10 from West-Indian
and PaWAKL29 from R0O.12. However, the Dusa’ and Leola™ versions of PaWAK13 and

PaWAKL10 were predicted to bind OGs more efficiently than their R0.12 equivalents.
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Figure 6: Comparison of the protein structures of PaWAK4, PaWAK13, PaWAKL10, and
PaWAKL29 across four rootstocks, and their affinity to bind oligogalacturonides. (A)
Visualization of the 3D structure of PaWAK4, PaWAK13, PaWAKL10 and PaWAKL29 (B) The
visual superimposition of the four predicted protein structures from four different rootstock
genomes. (C) 3D protein root-mean-square deviation (RMSD) scores with associated Z-scores
from CLICK server and RMSD scores with associated TM-Scores from TM-score server to
assess the similarity of PaWAK/WAKL proteins across four different rootstocks. Boundary lines
for RMSD values (green line at 2 A and 4 A), Z-score (yellow line at 2 A), and TM-score (light

blue line at 0.5 A) indicate critical thresholds. Gene names are summarised as (17) for
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PaWAKL17, (4) for PaWAK4, (13) for PaWAK13, (18) for PaWAKL18 and (29) for PaWAKL29 in
the x-axis. Different PAaWAKLs from two genomes ‘(17) D + (61) L’ and the same PaWAKL from
the same genome ‘(17) D + (17) D’ were included to act as a negative and positive control. (D)
Predicted ligand-protein binding of PaWAK/WAKLs and a pectin monomer
(oligogalacturonide, PubChem accession: 441476). Energies involved with the precited
binding are shown in blue and orange as negative values while the estimated dissociation
concentration (Ky) is shown in green as positive values. Rootstocks: WI-West Indian, D-Dusa®,

12-R0.12 and L-Leola™. Graphs visualized with Plotly (https://chart-studio.plotly.com), 3D

models visualized with ChimeraX and image created with BioRender.com.

Discussion

This study aimed to characterize the PaWAK/WAKL gene family and investigate a subset of its
members for their potential involvement in a successful defence response against P.
cinnamomi. The identification of 14 PaWAKs and 62 PaWAKLs, and subsequent
characterisation, was performed across four avocado genomes. Among these, PaWAK4,
PaWAK13, PaWAKL10, PaWAKL29, and PaWAKL31 showed significant upregulation in the
partially-resistant rootstock, Dusa®, at three or four time points during infection. The protein
products of these candidate genes displayed variation in 3D structure and predicted ability to
bind OGs across the rootstocks. Additionally, the two partially-resistant rootstocks, Dusa® and

Leola™, exhibited predicted differences, suggesting that their defence responses differ.

In silico characterisation of the PaWAK/WAKL gene family
The repertoire of 14 PaWAK and 62 PaWAKLs identified in avocado is similar to that identified

in Brassica rapa but represents more than Arabidopsis and fewer WAKs than apple and pea
(Verica and He, 2002, Zuo et al., 2019, Zhang et al., 202043, Li et al., 2023). The classification
definitions used in this study, based on protein domains, are not uniform across recent
literature but represent an amalgamation to ensure a comprehensive protocol as described
in the materials and methods section (Zuo et al., 2019, Zhang et al., 20204, Liu et al., 2021, Li
etal., 2022, Sipahietal., 2022, Xia et al., 2022, Yu et al., 2022, Kong et al., 2023, Liet al., 2023,
Wang et al., 2023, Yan et al., 2023, Zhong et al., 2023). PaWAKL5 is an outlier to this protocol
—according to an NCBI CDD search, it would be classified as a WAK, but according to the Pfam
and SMART database, it would be classified as a WAKL. For this study, PaWAKL5 was classified
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as a WAKL, but this classification can be re-evaluated in future as protein domain databases
and their predictions improve. There were differences in gene family composition across the
four avocado genomes, with 4, 2 and 7 PaWAKLs not identified in Dusa®, R0.12 and Leola™,
respectively (Table S$3). Molecular validation of these discrepancies should be done in the

future to determine if they are true differences or due to annotation errors.

The chromosomal clustering of genes within the WAK/WAKL gene family might indicate
tandem duplication which produced identical sequences adjacent to the original sequence.
These events allow for the expansion of the gene family within species (Kong et al., 2007,
Lallemand et al., 2020). Tandemly duplicated pairs of WAK/WAKLs have been predicted in
bread wheat, walnut, cotton, cannabis, and potato (Dou et al., 2021, Zhang et al., 2021, Li et
al., 2022, Sipahi et al., 2022, Xia et al., 2022, Yu et al., 2022). In avocado, the only duplicated
pair predicted to be under positive selection was PaWAKL18 and PaWAKL19. Interestingly,
PaWAKL18 is also a tandemly duplicated pair with PaWAKL17, but this pair was predicted to
be under purifying selection (Figure 1B). A hypothesis that could explain the positive selection
of PaWAKL18 is that it allows for neofunctionalization, where a new or different function
arises for the duplicated sequence (Roulin et al., 2013). In contrast, purifying selection allows
for subfunctionalization, the division of the parent gene’s function. Thus, PaWAKL19 could
have been tandemly duplicated from PaWAKL18 and is undergoing selection to develop a
novel function. Phylogenetic analysis showed that most of the tandemly duplicated pairs
grouped together, providing further evidence of their close relationships (Figure 4). The
formation of mostly species-specific clades in the phylogenetic analysis indicated that this
gene family has expanded independently in different plant species, similar to observations
made previously for cotton, barley and tomato (Sun et al., 2020, Tripathi et al., 2021, Zhang
etal., 2021).

The PaWAK/WAKLs were predicted to localise predominantly to the plasma membrane, with
24 proteins (31.2%) localised there (Figure S1). However, the remaining proteins were
localised across seven other cellular locations, similar to predictions for the Cannabis sativa
WAK/WAKLs (Sipahi et al., 2022). Although all PaWAKs contained a TM domain and signal
peptide, not all of them were predicted to be localised at the plasma membrane. The
descriptions were based on the West-Indian protein predictions but some discrepancies were

seen between the rootstocks. This suggested that the PaWAK/WAKLs perform their functions
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throughout the cell and are not restricted to the plasma membrane, potentially embedding
in other membranes. This could allow PaWAK/WAKLs to detect OGs after cell wall damage,
where OGs could enter the cell along with the pathogen. PaWAK/WAKLs embedded in other
organelle membranes could activate pathways specific to those organelles. For example,
PaWAK/WAKLs localizing to the mitochondria could influence ROS production, a downstream
effect proposed for GhWAK7A-mediated chitin signalling against fungal pathogens in cotton
(Wang et al., 2020). The conserved motifs were mostly localized to the C-terminal of the
PaWAK/WAKLs, within the kinase domain, suggesting that the kinase domain has the largest
conservation across the proteins, similar to observations in barley, cannabis, cotton, pea,
potato, sesame, and tomato (Kurt et al., 2020, Tripathi et al., 2021, Zhang et al., 2021, Sipahi
etal., 2022, Yu etal., 2022, Li et al., 2023, Yan et al., 2023). The kinase domain performs the
fundamental function of phosphorylating proteins, which could explain the minimal variation
in these regions. In contrast, the N-terminal showed more variation and contained the GWB
and EGF domains. This variation in the N-terminal might allow PaWAK/WAKLs to have
specialized cellular roles, enabling a more targeted response to environmental or

developmental changes.

PaWAK/WAKLs implicated in avocado defence against P. cinnamomi
There were 31 differentially expressed PaWAK/WAKLs in Dusa® and 23 in R0.12 at one or more

time points, with a total of 35 unique genes, indicating that this family is responsive to P.
cinnamomi infection (Figure 3). PaWAK4, PaWAK13, PaWAKL10, PaWAKL29, and PaWAKL31
showed significant upregulation across three or four time points in the partially-resistant
rootstock Dusa®. In contrast, upregulation of PaWAK13, PaWAKL29, and PaWAKL31 only
occurred at 6 hpi in the susceptible rootstock R0.12. These genes were not clustered together
following phylogenetic analysis, except for PaWAK4 and PaWAKL10, which showed a very
close relationship and were predicted to be a tandemly duplicated pair with a K,/K; ratio < 1
(Figures 1 & 4). It is possible that PaWAKL10 was tandemly duplicated from PaWAK4 and has
now undergone subfunctionalization, with both acting together during P. cinnamomi
infection. The main difference in the expression patterns between the two rootstocks was the
duration of differential expression. All PaWAK/WAKLs that showed significant up- or down-
regulation at 6 hpi in R0.12 subsequently returned to non-significant expression by 12 hpi. In

contrast, most differentially expressed PaWAK/WAKLs in Dusa® at 6 hpi maintained their
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significant up- or down-regulation across multiple time points. This prolonged differential

expression in Dusa’ could contribute to its successful defence response compared to R0.12.

A phylogenetic analysis was conducted using the PaWAK/WAKLs, AtWAK/WAKLs and
dicotyledonous plant WAK/WAKLs, previously implicated in defence, to identify relationships
between the proteins and to infer function (Figure 4). Most defence-related sequences
clustered with the AtWAK/WAKLs, showing minimal dispersion with the PaWAK/WAKLs.
Notably, PaWAKL40, PaWAKL43, PaWAKL60, PaWAKL61, and PaWAKL62 were clustered with
two cotton GhWAKs, four AtWAKLs and a Medicago truncatula MtWAK. However, all
corresponding genes, except PaWAKL40, were significantly downregulated at one or more
time points in Dusa’, suggesting they do not contribute to a successful defence response.
PaWAK13 exhibited a moderate relationship with cotton GhWAK5A, GhWAK7A and a tomato
SIWAK1. GhWAK7A is involved in cotton defence against two fungal pathogens, a
hemibiotroph (Verticillium dahlia) and a nectrotroph (Fusarium oxysporum), through chitin
signalling pathways. GhWAKS5A showed upregulation seven days post V. dahliae inoculation,
although the downstream pathway remains unknown (Wang et al., 2020). Despite the low
protein percent identity and structural similarity between PaWAK13, GhWAK5A and
GhWAK7A (44.87 and 42.2%, respectively, with RDSM values > 3.6 and TM-score < 0.18), it
shows the closest phylogenetic relationship in this subset and so there could be functional
similarities, as both are also associated with defence responses against hemibiotrophic
pathogens. With the limited relationships between the upregulated PaWAK/WAKLs proteins
and the defence-related sequences from the other species, the functional inference here is

minimal.

The cis-acting element composition in the promoter regions of upregulated genes was
assessed and compared to predict which pathways may have contributed to the observed
differential expression (Figure 5). Although expression data for the PaWAK/WAKLs in Leola™
are unavailable, the cis-acting elements can still provide evidence to suggest which pathways
might be involved in their regulation. Salicylic acid (SA), jasmonic acid (JA), ABA, and auxin
(phytohormones) were previously linked to the successful defence response of avocado
against P. cinnamomi (Van den Berg et al., 2018). It would be informative to determine if the
PaWAK/WAKLs have elements in their promoter regions responsive to these phytohormones

to infer which pathways might be involved in their expression. The increased number of TCA-
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elements (SA-responsive element) in the Dusa” PaWAK13 promoter compared to the R0.12
promoter could partly explain the differences in expression observed between these two
rootstocks. The CGTCA- and TGACG-motifs (the positive and negative promoter strand), are
responsive to methyl jasmonate (MeJA) and were more abundant in the Dusa® PaWAK13
promoter compared to the R0.12 promoter. This suggests that the Dusa” PaWAK13 promoter
might be more responsive to MelA or JA than the R0.12 promoter (Figure 5). The ABA-
responsive element, ABRE, was more abundant in PaWAK4 compared to other upregulated
gene promoters, indicating that it might be more responsive to ABA than the other genes.
The Leola™ promoter had the most ABRE elements, suggesting it could be the most
responsive to ABA. However, more ABRE elements were found in the R0.12 PaWAK4
promoter when compared to Dusa’, suggesting this pathway may not be responsible for the

increased expression of PaWAK4 in Dusa® during P. cinnamomi infection.

Another important set of cis-acting elements to consider are the stress-responsive elements,
namely CCAAT-box, STRE and TC-rich repeats. Few TC-rich repeat elements were present in
promoter regions of the genes upregulated across three or more time points in Dusa®.
However, the Leola™ PaWAKL29 promoter had TC-rich repeat elements, unlike the R0.12 and
Dusa’ promoters. The CCAAT-box was present in Leloa™ PaWAKL10 and PaWAKL29 but
absentin the promoters of these genes in R0.12, suggesting that they may be more responsive
to stress in Leola™ compared to R0.12, potentially contributing to its susceptibility. STRE was
more abundant in the Dusa’ and Leola™ PaWAK4 promoters compared to R0.12, indicating
they may be more stress-responsive in the partially-resistant rootstocks. This could contribute
to the differential expression observed in Dusa® during the biotic stress response against P.
cinnamomi infection and illustrates the differences in promoter composition between these
two rootstocks, which could contribute to different levels of involvement in different cellular
pathways.

Candidate defence PaWAK/WAKL analyses show structural and ligand-binding
differences

The differences in expression and promoter cis-acting elements may not be the only factors
contributing to varying defence efficiencies between rootstocks. Protein differences could
also play a significant role. To explore this, the protein sequences of PaWAK4, PaWAK13,

PaWAKL10, and PaWAKL29 were assessed to predict differences in protein structure and their

43

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

ability to bind OGs. It is known that P. cinnamomi contains polygalacturonase (PG) coding
genes, these proteins are involved in pectin cleavage, and three PGs show upregulation during
infection of avocado, as observed in the RNA-sequencing data used in this study (Backer et
al., 2022, Miyambo et al., 2022). This suggests that OGs are produced during infection, making

it crucial to identify the proteins responsible for recognizing them.

When visualized, these proteins showed notable discrepancies between the rootstocks
(Figure 6A-C). The comparison of PaWAK4 in Dusa® and R0.12, PaWAKL10 in Dusa” and R0.12
and PaWAKL10 in Leola™ and R0.12 showed TM-scores < 0.5. This suggested that these
proteins have high structural similarity (more than expected by chance due to RMSD score)
but may not lie in the same fold, as their 2D structures (a-helices and B-sheets) are in different
spatial orientations. PaWAKL10 in the Leola™ and West Indian comparison highlighted a
contradiction that may arise from the prediction methods used. The Z-score, which measures
the statistical significance of protein alignment and the aligned residues, and the TM-score,
which assesses structural similarity based on C-alpha atoms in the aligned residues, yielded
different interpretations (Zhang and Skolnick, 2004, Nguyen et al., 2011). Therefore, a high Z-
score and low TM-score implied that the alignment was statistically significant, but that the
structures do not share the same fold, potentially leading to functional differences. The
results indicated that PaWAKL29 in R0.12 differed from its equivalent in West-Indian and
Leola™ rootstocks. This provides quantitative evidence to suggest that the same protein can
differ structurally in different rootstocks, which can lead to downstream effects. A more in-

depth protein structure analysis would be required for stronger conclusions.

Based on their negative binding energies in the ligand-binding analysis (Figure 6D), PaWAK4,
PaWAK13, PaWAKL10, and PaWAKL29 were identified as candidate defence-related proteins,
expected to recognize and bind OGs and influence downstream defence pathways.
Differences were observed among the proteins from different rootstocks, with the Dusa®
versions of PAaWAK13 and PaWAKL10 predicted to bind OGs more efficiently than their R0.12
counterparts. This finding, combined with transcriptomic analyses, provided multi-omic
evidence for the involvement of PaWAK13 and PaWAKL10 in the successful defence response
against P. cinnamomi. Additionally, the Leola™ PaWAK13 and PaWAKL10 were predicted to
have a higher affinity for OGs than those from both Dusa’ and R0.12, implying that these

proteins may respond more rapidly to pathogen penetration, potentially initiating the
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defence response earlier. This analysis was conducted on WAK/WAKL monomers however
protein receptors containing EGF-domains can form homo- and heterodimers and this should

be investigated in the PaWAK/WAKL context in the future (Schlessinger, 2002).

Conclusion

This study is the first comprehensive in silico characterization of the complete PaWAK/WAKL
gene family in avocado, highlighting the involvement of PaWAK4, PaWAK13, PaWAKL10,
PaWAKL29, and PaWAKL31 in the defence response against P. cinnamomi based on their
upregulation across three or more timepoints in the partially-resistant rootstock Dusa® as
compared to its susceptible counterpart, R0.12. Promoter analyses indicated that the
PaWAK/WAKLs that were upregulated at multiple time points in Dusa® were associated with
the complex regulatory networks in avocado defence. The structural modelling and binding
affinity analyses revealed significant differences among the PaWAK/WAKL proteins across
different avocado rootstocks of varying resistance to P. cinnamomi. These insights suggested
that the continued upregulation of PaWAK/WAKLs associated with phytohormone- and stress
defence pathways, and the efficient recognition of OGs by these proteins may enhance the
early defence response in a partially-resistant rootstock. Future research should focus on
validating these candidate gene roles through functional assays and exploring their
application in a molecular screening tool to aid in the selection of resistant avocado rootstocks
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Figure S1: Scatter plots indicating protein length (amino acids), molecular weight (kD),
isoelectric point (pH) and the predicted subcellular localisation of the PaAWAK/WAKL
proteins. Plas-Plasma membrane; Extr-Extracellular space; Vacu-Vacuole; Chlo-

chloroplast; E.R.-Endoplasmic reticulum, Cyto- cytoplasm; Pero-peroxisome
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Table S1: Protein sequences of defence-related WAK/WAKULSs used in the phylogenetic

analysis
Table S2: PaWAK/WAKL tandemly duplicated gene pairs and associated Ka/Ks ratios

Table S3: PaWAK/WAKL gene IDs and sequence analysis results for naming and
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Table S4: PAWAK/WAKL protein properties
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and the phytohormone responsive elements from PlantCARE with functional

descriptions where they were available
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Table S8: PaWAK/WAKL-oligogalacturonide binding predictions with interacting
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